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dw roll angle locating wind axes relative to tunnel axes. Ty v, = E1{¢w)

Y model heading angle relative to tunnel or wind axes: ¥ = —f
*(a) heading angle along the line of self-equivalent points (fig. 3.6)
¥(45) () heading angle along the line equivalent to the boundary of R,,

a = 45° (fig. 3.6)

(¢, a) heading angle such that £(1,45°) = £(¥,a) (eq. 4.8)
(@] vectors are indicated by an underbar
ﬁ error in the estimate or measurement of ( )
(A) estimate of ( )
()T transpose of ( )
UNITS

English units (b, ft, and sec) and degrees are used throughout and are generally omitted in the
figures and tables. Aerodynamic forces and moments are measured as force or moment divided
by dynamic pressure, which have units of ft> and ft3, respectively.
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SUMMARY

A comprehensive model of the static aerodynamics of the 8- by 8- by 20-ft container known
as the MILVAN is determined by combining the available wind tunnel data from a 1972 NASA
Ames Research Center study taken over the restricted attitude domain, {0 < ¢ < 90°%
0 < a < 45°}, with an extrapolation to the complete domain of interest in simulations,
{-180° < ¢ < 180°% —-90° < a < 90°}, based on an appropriate theory derived from the
geometric symmetry of rectangular boxes. The theory predicts the symmetry properties of all
force and moment components about various boundaries, including all zero lines, their behavior
along certain boundaries, and their interrelationships at equivalent points. It was found that the
aerodynamics at any attitude can be defined from the aerodynamics at an equivalent attitude
in the restricted domain {0 < ¥ < 45°; 0 < a < 90°}. However, a similar comprehensive
equivalence with the domain spanned by the measurements is not available; in particular, about
two-thirds of the domain with |a| > 45° is unrelated to the domain of measurements. Nevertheless,
an estimate can be given for this region consistent with the measured and theoretical values
and the theoretical equivalence relations. Discrepancies between the data and the predicted
symmetry properties ranged from small to gross, depending on the component, and were removed
to apply the extrapolation theory. Small discrepancies were treated by imposing the required
zero lines and averaging data at equivalent points. The roll- and pitching-moment data showed
gross discrepancies and were discarded. Roll moment could be estimated using the available data
from an independent study or assumed negligible, while pitching moment was estimated using the
yaw moment data and the theory. The tunnel errors or unrealistic theoretical assumptions which
account for these discrepancies cannot be formally identified because records of the original wind
tunnel sensor readings and data processing had been discarded prior to the present study, nor were
new tests within the scope of this study. However, limited data from independent wind tunnel
studies are reviewed and show good to fair agreement with both the theory and the estimate given
here.

1. INTRODUCTION

In rotorcraft slung load operations, a large variety of objects are carried which have a corre-
spondingly large range of aerodynamic characteristics, and equilibrium and dynamic behavior in
flight. The 8- by 8- by 20-ft container, also known as the MILVAN, is a standard cargo carrier
and is a common load in these operations. It develops significant aerodynamic specific force and
moment at low speeds, including static, quasi-static, and unsteady flow terms (refs. 1 - 8), and
can become unstable at speeds well below the power-limited speed of the helicopter-load system.
In addition, its simple shape results in static aerodynamics which are more easily documented in
the wind tunnel and represented in simulations than those of arbitrarily shaped loads. Thus, it
has served as the typical difficult load in much of the slung-load stabilization research of the past,
and is the usual load in slung-load simulations (e.g., refs. 1 and 2).

Various slung-load configurations are illustrated in figure 1.1, including the single point sus-
pension, the two-point suspension for tandem-rotor helicopters, and the dual-lift system. The
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Figure 1.1.- Configuration of slung load systems.

MILVAN angle of attack in steady flight can range from —90° at very low speeds to small positive
values. For the single point suspension, the MILVAN trims broadside to the flow at low speeds,
and becomes unstable at 40 - 60 knots. In the two-point suspension the MILVAN trims lengthwise
to the flow in its minimum drag orientation and is stable to much higher speeds.

Future slung-load research may focus on the development of automatic stabilization and
flightpath control systems, and the control of exotic suspensions such as the dual-lift system.
These efforts can benefit from a comprehensive simulation model which captures realistic load
motion for both static and dynamic condition. Towards this end, reference 8 provides a recent
derivation of the system equations of motion for single-point suspensions, and the load kinematics
in a two-point suspension are derived in reference 9. The present work adds a comprehensive
model of the MILVAN’s static aerodynamics derived from the available wind tunnel data. This
suffices for realistic calculation of the MILVAN’s attitude and the suspension forces in equilib-
rium. However,as demonstrated in references 4 and 7 , the MILVAN’s dynamic behavior depends
on significant unsteady aerodynamic effects, and a linear perturbation model of its unsteady
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aerodynamics is given in reference 8 from the available wind tunnel.

Wind tunnel measurements of the MILVAN’s static aerodynamics are available from several
sources. The most comprehensive measurements were made at NASA Ames Research Center
(ARC) and are documented in reference 3. These data (termed the Ames data hereafter) are
the basis of the present work, but are almost entirely restricted to angle of attack between 0 and
45° and heading angle between 0 and 90°. Additional independent data are available from an
Army/Northrop study (refs. 4 and 5), and a VERTOL/ University of Maryland study (ref. 6)
(UOM data). The data in references 4 and 5 survive only in graphical form, are restricted to a
few angles of attack (0,10°,28°), and not all components are given. The data in reference 6 spans
the same domain as that in reference 3, but no data were taken at heading angles between 50°
and 90° where the side force and yaw moment exhibit peak magnitudes and strong nonlinearities.
The reference 6 data were the source of the abbreviated MILVAN aerodynamic model in the ARC
simulation of reference 2. Both of these studies provided important supplementary information
in the present work. In addition, an Army/University of Bristol study, (ref. 7) provides results
from surface pressure distribution measurements and flow visualization tests for a limited set of
attitudes.

The static aerodynamic model of the MILVAN in the Langley Research Center’s simulation
(ref. 1) was also derived from the data used here. In that model, drag, lift, sideforce and yaw
moment were given by trigonometric functions fitted to the data. This treatment is succinct,
but of modest accuracy relative to the data in some regions because of the limited number of
fitting function parameters, and erroneous in its extrapolation to angles of attack above 45° for
lack of an extrapolation theory. The present work attempts to improve the static aerodynamic
simulation model by; 1) providing tabulated function models, 2) deriving and applying a theory
for extrapolating the model beyond the region of the measurements, and 3) adding the missing
roll and pitching-moment components. Tabulated models can be used routinely and efficiently

in digital simulations to represent arbitrary nonlinear functions to the accuracy of the available
measurements.

A theory for extrapolating the model beyond the region of measurements is derived from
the geometric symmetry of the box. The box is indistiguishable to the flow and yields identical
wind tunnel measurements when rotated 90° or 180° about its longitudinal axis or turned end
for end, and also possesses the usual force and moment symmetries of bodies with horizontal
and vertical planes of symmetry. These factors permit the aerodynamics at any attitude to be
defined from the aerodynamics at a corresponding point in a small region. The smallest such
region identified in the analysis is contained in the half-quadrant {0 < ¢ < 45°; 0 < a < 90°}.
It is found that the half-quadrant spanned by the measurements of reference 3 does not suffice to
define the aerodynamics at all attitudes. In particular, the aerodynamics in most of the region
with angle of attack above 45° cannot be obtained from the measurements, but an estimate can
be given consistent with the measurements along one boundary of this region, theoretical values
along the remaining boundaries, and a theoretical relation between the aerodynamic components
at equivalent points within the region.

When the measurements of reference 3 are compared with the theory, discrepancies are



found which range from small for some components to gross disagreement in the case of roll
and pitching moments. These discrepancies must be removed to apply the extrapolation theory.
Small discrepancies are treated by imposing the theoretical zero lines and averaging the data at
equivalent points. The roll and pitching moment data cannot be treated in this way because the
discrepancies dominate the measured values and a corrected table would be completely uncertain.
These data are discarded and roll moment can then be estimated from the available independent
wind tunnel data or neglected, while pitching moment is estimated from the yaw moment data and
the theory. The independent wind tunnel data from references 4 - 6 are also reviewed and show
good to fair agreement with both the theory and the estimate derived from the Ames data for all
components. The final model consists of data tables for all six force and moment components in
wind axes and extrapolation formulas for both wind axes and body axes.

We acknowledge the helpfulness of the authors and organizations of the wind tunnel studies
(refs. 3 - 6) in locating and discussing the original data, and we regard with mixed feelings
the penetrating questions of one reviewer which exposed an error in the fundamental symmetry
equation in the first draft of this report that required all text and computations after Section 2 to
be redone. Last, we note that all numerical analyses discussed here were carried out with a digital
computer and that the tables of values in the text were printed directly from the computer.



2. A REFERENCE TABLE OF WIND TUNNEL DATA

The Ames data, reference 3, consists of two tables of force and moment measurements uncor-
rected for model support interference and two tables of interference tare measurements. The pairs
of tables were generated by varying only angle of attack or only yaw angle in the sequences of
measurements. The basic measurements were uncorrected for interference in reference 3 because
of the erratic nature of the tare measurements which left their use open to individual interpreta-
tion. These four tables are combined here into a single reference table of corrected measurements
covering the region

Ro={(v,a): ¢ €]0°,90°], ac]0°45°} (2.1)

The method and results are summarized next and details are documented in appendix A.

First, the two tables of force and moment measurements are combined as follows. These
tables cover the two regions shown in figure 2.1(a); these regions are not coincident but collectively
they cover R, and can be averaged in the common region to reduce the standard deviation of
random measurement errors there. The present treatment uses all available data in R,. An
examination of the differences between the two tables shows; 1) small differences for the force
and yaw moment components (below 10Q 1b, 30Q ft-1b), which indicates good repeatability and
small random measurement errors for these components, and 2) large differences for the roll and
pitching moment data (25Q to 100Q ft-1b over most of R,), which indicates large random errors
for these components.

Strong vibrations of the model and corresponding variations in scale readings were observed
in the ARC tunnel tests, and the static aerodynamic data were obtained by averaging numerous
readings. This average is expected to converge to a unique value if the number of readings is
increased indefinitely, and to show only small differences among averages obtained from sufficiently
large sets of readings. This is the case for the force and yaw moment data. The source of the
much larger differences in the RM and PM data is unknown and cannot be determined without
a more careful analysis of the test conditions and data processing than is now possible. In any
case, the limiting average values of RM and PM have not been approached in the Ames data,
and this is confirmed by the large differences between these data and the data from independent
studies reviewed in appendices B and C, as well as from the values predicted by the theory of the
next section, and by the general agreement among these other sources.

Second, the support interference is estimated from the two tables of tare measurements as
follows. The regions covered by the two tables are shown in figure 2.1(b); these are insufficient
to cover R,. Further, the pitch sweep data measured the interference of only part of the support
and are not used here except to indicate interference trends at angles of attack above 20° where
there are no yaw sweep data. The yaw sweep data were reviewed with the object of estimating
the interference function from the discernible systematic trends in these data and attributing the
random variation around these trends to measurement errors.

For the force- and yaw-moment components, the tare data showed consistent variations with
¢ and random variation with ¢; therefore, the interference was estimated by averaging the tare
data over a. The averaged tares are small in magnitude, and the differences between the estimated
tare and the original data are also small and statistically similar to the differences between the two



sets of measurements just discussed, as is expected if the same random error processes account for
both sets of differences. The roll-moment tare data appeared to consist almost entirely of samples
of a random process; the systematic interference was estimated as the table mean, which was
nearly zero, while the data measured large interference moments which were statistically similar
to the differences between the two sets of roll moment measurements just discussed. Evidently, the
systematic roll moment interference was much smaller than the random-roll-moment measurement
errors and not detectable in the Ames data. Finally, the pitching moment data showed discernible
trends in both ¢ and o and the interference was estimated by ad hoc smoothing of the table of
measurements. Results showed large estimated interference moments and smaller, moderate-sized
differences between the estimate and the data.

The resulting reference table is given in figure 2.2 and plotted in figures 2.3 and 2.4. These
corrected data are indicated by appending “C” to the notation (DC, YC, etc.) in the remainder
of this paper. A cursory examination of the plots shows that drag increases with both ¥ and
a, (with projected frontal area) as expected, and that side force and yaw moment approximately
pass through zero at ¥ = 0 and 90° consistent with their expected antisymmetry in ¢ about
these points. However, lift shows significant nonzero values at o = 0 where antisymmetry in « is
expected, and pitching moment shows a gross departure from the same expected antisymmetry.
These discrepancies suggest the presence of systematic errors remaining in the data, which are
small to gross depending on the component, and they are examined in greater detail in the
application section of this paper.

The remainder of the problem is to define the static aerodynamics at all possible attitudes
from these data given on R,. The extent to which this can be done based on the geometric
symmetry of the box is examined in the next section, and the resulting extrapolation theory
and the data are combined in the following section to obtain a comprehensive estimate of the
MILVAN’S static aerodynamics.
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Figure 2.2.- Wind tunnel data corrected for estimated support interference.
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216.8
216.5
216.9
216.2
216.9
216.1
214.4
215.2

6.0
6.4
8.0
7.3
7.5
7.8
7.5
8.3
7.4
8.0
6.4
2.3
1.7
-3.7

4.3
4.9
4.0
5.3
5.6
5.9
6.2
6.6
7.1
7.6
8.2
6.8
9.0
8.2

90.0



13.3
-11.9
-4.2
10.4
22.6
31.0
40.3
48.2
79.2
67.7
77.0
81.2
80.6
84.3

-22.0
-84.1
-111.1

. -126.8
. -144.7
. -133.2
. -110.1

-82.3
-51.8
19.2
65.3
102.1
112.9

. 116.5

31.9
29.5
25.8
21.1
17.3
15.2
13.2
8.6
5.0
2.8
1.7
0.6
10.0
17.8

0.0

-3.0
-6.0
11.9

3.3
-4.9

2.2

6.0
18.6

8.6
37.6
57.5
25.2
45.4
70.9

-21.9
-82.3
-129.6
-146.6
-161.9
-154.0
-130.4
-98.4
-70.6
-21.1
27.3
81.3
117.5
87.3

-71.5
-63.6
-43.9
-26.3
-5.2
4.0
12.7
29.0
42.0
48.4
54.1
56.3
57.2
37.1

4.0

13.3
38.8
-8.9
-43.0
-42.0
-55.9
-42.1
-31.8
-23.7
10.3
14.4
54.7
46.3
63.0

-46.8
-85.7
-127.0 -
-132.1 -
-132.8 -
-135.2 -
-131.4 -
-91.4 -
-57.5
-33.0
25.5
71.3
54.4
93.1

-119.3
-119.0
-109.9
-70.2
-25.3
-2.9
13.1
38.6
50.3
62.9
64.9
57.5
47.2
10.4

8.0

-5.8
3.2
-40.3
-26.9
-23.2
-13.8
2.6
-20.8
3.8
0.1
39.8
83.5
-16.7
29.4

-56.4
-78.1
111.7
100.6
110.8
126.8
139.1
112.1
-83.0
-44.8
-19.7

38.4

55.9

77.5

-93.7
-95.4
-93.0
-70.3
-32.9
-2.4
20.6
52.8
51.1
44.7
31.1
17.8
-19.5
-22.8

12.0

26.2
219
8.5
13.8
26.7
-2.9
223
-23.5
-31.1
-25.7
-50.7
15.4
-6.8
-9.4

-42.7
-58.4
-80.3
-86.3
-85.6
-95.1
-112.2
-85.5
-65.5
-13.4
6.1
51.2
39.7
67.2

-45.5
-49.4
-52.4
-47.5
-37.7
-4.3
28.2
65.9
58.7
31.1
-6.1
-9.2
-10.8
-15.2

16.0

-2.4
19.7
-1.3
5.2
23.4
15.7
-2.9
-12.5
-34.8
-23.8
-40.0
-65.8
-16.5
-20.9

-66.3
-69.2
-65.1
-69.0
-83.8
-100.2
-100.1
-84.0
-72.4
-53.7
-23.5
-2.9
32.9
36.1

8.6

4.8

1.3
-1.8

0.0
17.1
26.0
51.0
49.3
48.0
28.5
26.7
26.9
14.0

20.0

RMC/Q

-16.7
-16.5
-0.3
-5.0
34.2
26.1
12.0
-6.9
-17.7
-17.7
-36.5
-4.8
-62.1
-29.0

-11.5 -26.8 -82.6 -122.4 -155.6 -183.2 -107.3 -79.6
23.0 -22.4 -84.5-141.7 -152.9 -197.5 -109.0 -90.4
-8.6 -49.5 -103.2 -162.9 -150.8 -209.6 -105.0 -104.3
-6.1 -35.2 -135.7 -212.5 -200.8 -238.7 -118.8 -114.3

-20.8 -79.1 -160.9 -189.0 -193.8 -242.8 -138.9 -106.1

-26.5 -66.1 -145.8 -180.4 -188.1 -238.1 -133.6 -117.1

-19.2 -87.8 -145.1 -166.0 -192.7 -275.5 -135.2 -101.6
-5.8 -34.6 -96.6 -139.3 -176.7 -270.3 -131.1 -112.7

-16.0 -14.2 -68.3 -122.1 -156.8 -246.7 -140.0 -97.0

-11.0 -18.5 -68.7 -142.1 -171.8 -253.9 -110.4 -138.1

-36.8 -47.6 -74.4 -147.9 -168.6 -234.7 -104.8 -103.5

-52.4 -58.5 -120.9 -183.4 -186.6 -193.1 -67.2 -60.8

-112.6 -72.2 -132.3 -192.3 -200.8 -217.8 -61.9 -58.6

-20.7 -64.7 -108.5 -152.4 -169.0 -202.2 -66.0 -29.4

PMC/Q

-91.6
-71.3
-62.1
-53.2
-62.7
-73.4
-64.7

-92.0 -65.3 -50.3 -48.7 -86.3 -243.8 -233.3 -183.8
-64.3 -52.3 -46.2 -43.5 -71.5 -232.2 -243.1 -184.5
-35.0 -32.6 -33.4 -27.4 -49.7 -221.8 -222.1 -207.9
-22.6 -15.6 -17.1 -6.4 -87.6-215.4 -231.6 -223.5
-35.4 -14.3 -16.1 0.0 -135.4 -209.8 -217.9 -223.6
-41.6 -31.8 -48.1 -58.6 -162.9 -204.7 -229.3 -241.6
-71.8 -51.4 -70.0 -95.0 -180.7 -214.9 -226.2 -249.9

-75.1 -120.8 -126.1 -148.4 -138.6 -186.3 -241.4 -207.1 -290.4
-77.6 -116.2 -137.4 -152.7 -117.0 -176.2 -261.9 -193.6 -324.2

-64.4
-37.8
7.0
15.2
-14.0

-98.2 -118.7 -124.9 -89.3 -146.1 -239.4 -199.9 -329.4
-75.2 -121.6 -116.7 -79.5 -128.2 -217.3 -199.4 -335.0
-57.5 -104.7 -100.9 -55.1 -98.3 -181.6 -164.0 -357.1
-55.8 -51.5 -79.4 -65.3 -87.5-128.9 -218.0 -344.5
-43.8 -58.2 -76.0 -51.8 -76.6 -123.3 -118.3 -270.0

YMC/Q

86.7
78.6
71.3
68.4
60.4
71.0
81.2
97.8
103.0
103.4
90.1
82.0
75.4
68.2

25.0

145.2 189.4 223.5 262.9 279.4 282.0 237.1 47.1
135.5 178.5 212.9 252.6 272.5 283.2 236.2 47.2
127.2 167.2 202.1 242.5 266.1 285.8 236.5 50.3
120.1 161.7 194.0 235.6 265.2 287.0 236.0 49.1
109.8 157.9 189.8 234.6 268.0 287.4 236.3 49.3
118.5 162.5 195.5 238.9 269.7 288.9 235.9 48.5
122.1 171.4 204.1 244.7 2719 288.6 234.2 47.8
147.4 191.1 218.7 249.4 271.1 286.7 232.6 49.3
145.3 184.9 211.6 243.1 264.4 279.7 228.6 50.5
140.4 1729 201.3 236.7 257.8 273.1 223.4 52.4
138.7 163.6 190.8 227.0 249.7 268.8 219.1 54.0
125.8 150.4 177.7 213.0 230.6 259.9 208.7 56.1
114.5 140.1 167.3 202.6 221.9 254.6 194.1 62.3
105.1 133.1 157.0 189.0 210.0 246.2 184.8 62.4

30.0 350 40.0 45.0 50.0 60.0 75.0 90.0

(b} Moment components.

Figure 2.2.- Concluded.
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Figure 2.3.- Corrected wind tunnel data.
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Figure 2.4.- Corrected wind tunnel data: contour plots.

11




3. ANALYTICAL EXTRAPOLATION
The symmetry of the MILVAN is analyzed in this section for equations to extrapolate the
data in R, to the complete domain of interest for simulation:

D={(¥,a): vuwe€[-180°180°], a€[-90°90°}

It is useful to divide this domain into eight quadrants as shown and labeled in figure 3.1:

90°
Dg D1 _//CDO//“ D
N W
Ro
-90°
-180° -90° 0 90° 180°
v

Figure 3.1.- Attitude domain for simulation models.

An arbitrarily shaped load model can be turned on its side, upside down, and reversed in
the wind tunnel to obtain data for all of D while only moving the model mount through angles
in D,. For each orientation, the wind-axes force and moment components and the angles between
wind and body axes are related to the components measured along the wind tunnel’s measuring
axes and to the mount’s attitude angles. However, if the load is not arbitrarily shaped, but is
a rectangular box with identical sides, then these various mountings are indistinguishable to the
flow, and the force and moment components measured on the wind tunnel scales are necessarily
identical in each orientation. In this case, the aerodynamics at any point in D can be defined
from measurements at a corresponding point in D,. Finally, if a sufficient number of symmetry
properties of the components are also assumed, then the aerodynamics at points within D, are
related, and then the aerodynamics everywhere in D can be determined from those in a subregion
of D,. It is found that the subregion with 0 < ¢ < 45° is such a region, but R, is not. Nevertheless,
the theory indicates relations which must be satisfied over D, by any simulation model derived
from the measurements and approximation formulas, including the zero-lines of all components,
and the values or behavior of each component along all boundaries of D,.

We note that the ARC wind tunnel model did not have identical surfaces; the sides, bottom,
and front were ribbed to represent strengthening ribs on the MILVAN while the top and rear were
smooth. However, a limited amount of comparative data for an entirely smooth-surfaced box
is given in reference 3 and indicates only small differences caused by the ribbing, and the same
comparison is made in reference 6 with the same result.
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3.1 Box Attitudes with Identical Wind Tunnel Measurements
These attitudes can be obtained from the relations among four reference frames. First,
the tunnel axes in which measurements are made are aligned with the tunnel longitudinal axis
or free-stream direction, and the local vertical. Second, the mounting angles measured in the
tunnel (1,, @) define the mounting body axes, where the transformation from tunnel axes to the
mounting axes is;
Ts,,w, = E2(a0)Es(¥o) (3.1)

The elementary rotation matrices, (E;(0),1 = 1,2,3) are defined in the nomenclature. The
subcripts w, and b, indicate the tunnel and mounting axes, respectively, in the notation for
vectors and transformations.

Suppose the box is mounted with its body axes aligned with the mounting axes and oriented
at some attitude (1,, @,) in D,, and the aerodynamic force and moment measured. If the box is
now rotated about its longitudinal axis by any multiple of 90°, or about its vertical axis by any
multiple of 180° , the box appears identical to the flow and the resulting measurements are all
identical to those at (1,,a,). For all these orientations the corresponding transformation to body
axes (indicated by the subscript b) from mounting axes is

Typ, = Es(mn)E (n7/2) m,n=0,+1,%2,... (3.2)

The wind axes associated with the rotated box (indicated by the subscript, w,) are, by definition,
oriented with the longitudinal axis in the free-stream direction and the vertical axis in the body
vertical plane; consequently, the transformations from tunnel and body axes can be written,
respectively, as

Tw,wo = El(¢w) (3.30)
Ty, = Ez(c1)Es(v1) (3.3b)

The angles ¢y, a; and 9, are shown in the figure 3.2. Since §,, and 1y, are parallel to Va, then
tunnel and wind axes are related by a roll rotation about Va, which is denoted ¢,, here. Since
k,, is in the body vertical plane then only two angles are required to locate wind axes relative to
body axes, and these are taken as the usual angle of attack and (negative) sideslip angle as shown
in the sketch. If the body axes are aligned with the mounting axes ((m,n)=(0,0)) then wind axes
coincide with tunnel axes, ¢,, = 0, and (1, a;) = (0, ag), but this does not occur otherwise.

Equations 3.1 to 3.3 can be combined to equate transformations between wind and body
axes:

Tb,w = Tb,boTbo,wo Two,w

from which the general equation for the attitudes (¢y,%1, ;) which have measurements identical
to those at (1o, a,) is;

Ez (al)E3(¢1)E’1 (¢w) = E3(m1r)E1 (mr/2)E2 (ao)Es(lﬁo) m,n = 0, :i:l, :E2, (3.4)

Equation 3.4 yields nine scalar equations of which only five are independent. A convenient set
of five equations used in this work is given in figure 3.3. For each case (m,n) two solutions for

13
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Figure 3.2.- Angles relating reference frames.

(#w,¥1, 1) are obtained. Taking all cases together, only three yield distinct solutions and these
are included in figure 3.3. For each point (¥,,a,) in D, a single corresponding point in each
quadrant is obtained, and, conversely, every point (¥, a,) in D is related to a single point in D,
by equation 3.4.

The force and moment components in wind axes are obtained from the tunnel measurements
by the transformation T\, v,. Using the notation D,Y,L, RM,PM and Y M to denote the cus-
tomary wind axes force and moment components, and recalling that drag and lift are positive
along the negative longitudinal and vertical wind axes, then

D D D
Y =Ei(—¢u) | Y = | Ycos¢dy — Lsing, (3.5a)
L) (wiso) L) (boasy \YSinduwtLcosdu /()
RM RM RM
PM = E,(¢w) | PM =| PMcos¢y +YMsing, (3.58)
YM ($1,01) YM (Yor0) —PMsin¢,, + YM cos ¢, (Yor0)

3.2 Extrapolation from D, to D

The various cases {(m, n)} in equations 3.4 and 3.5 suffice to relate the aerodynamics at any
point in D to those at a corresponding point in D,. First, results for the case with 180° roll of
the body axes relative to mounting angles ((m,n) = (0, 2)) relate the aerodynamics in D, and Dg

14



EQUATIONS

COS a1 COS Y] = COS M COS @y COS Y, \
sin¢; = — cosmm(sinn¥ sin o, cos P, — cos nZ sint,)
- — - w . l‘ -
sina cos 1 = sinnF sin ¢, + cosng sina, cos ¢, \ m,n=0,+1,+2,...

cos ¢, cos Py = cos mm(sinn 7 sin e, sin ¢, + cosnF cos ;)

sin ¢, cos 9P = cosmmsinny cos a, ]
SOLUTIONS
Case: m 0 0 1
n 2 1 0
First
Sol'n: ¢y 0 cot~!(tan a, sin 1,) 0
Y1 —180° + ¢, —sin~? (sin a, cos 9,) —180° + ¢,
a 180° — o, tan~!(tan,/ cos a,) —a,
Second
Sol’n: ¢y, 180° —180° + cot™!(tan a, sin 1,) 180°
Y1 -, —180° + sin~!(sin a, cos Yo) -1,
ay —a, —180° + tan~!(tany,/cos ;) 180° — v,

Figure 3.3.- Box attitudes with identical measured aerodynamics.

15



with those in D and D,, respectively:

D D

Y -y

L L
RM = RM ('/’a a) € Do, Dy (3.6)
PM -PM
YM/ (pma)  NTYM T (g0)

That is, each component is either symmetric or antisymmetric about the origin of D along any
radial line through the origin.

Second, results for the case with 90° roll of the body axes ((m,n) = (0,1)) define the aero-
dynamics in D; from those in D,;

D D

Y cos¢y,Y —sing, L

L i Y L
=z = | cindeltcosdu (%, ) € D, (3.7)
PM cos ¢y PM +sin¢,YM
YM ('l’l ,al) - Sin ¢wPM 4+ cos ¢wYM (¢'a)

where
cot ¢, = tan asiny = tan a; siny, dw € [0,90°]

siny; = —sinacos ¢ ¥ € [—90°,0]
tana; =tany/cosa  a; € [0,90°]

Maps of (¢, %1, 1) over D, are given in figure 3.4. The wind axes roll angle varies from 90°
on the boundaries & = 0 and ¢ = 0 to 0 on the boundary a = 90°. Referring to the figure 3.5,
the points p, and p; are equivalent; the region R, in D, is equivalent to the region R; in D,
(the left boundary of R; is equivalent to the line @ = 45° and is given by tany; = —cosay);
and their complement regions R,, Ry, are equivalent. Further, the lines @ = 0 and ¥ = 0 are
equivalent (this particular equivalence has been recognized frequently in the literature), and the
line ¥ = 90° is equivalent to the single point (¢;,a;) = (0,90°) so that the aerodynamic
components are necessarily fixed on this line independent of a.

Third, the case with a reversal of box heading ((m,n) = (1,0)) relates points in Dy, D5, Ds
and D7 to points in Dy, D3, D; and D,, respectively:

D D

Y Y

L L o
RM =\| pMm 1| <90 (3.8)
PM PM
M (—180+¢,—a) Y™ (¢,a)
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Figure 3.4.- Equivalent points in Dy and D;.

D1 Dy
90
Ry
a5 *1
a -
CQ1 +p0
Rg
0 ] |
-90 -45 0 45 90
Y]

Figure 3.5.- Equivalent regions of Doy and D;.

Equations 3.6 to 3.8 define the aerodynamics at any point in 0 from measurements at a
corresponding point in D,. However, the available measurements are confined to the lower half
of D,, and equation 3.4 does not relate pairs of points within D, nor provide a relation between
every point in D and a point in R,. Additional symmetry properties of the box are considered
next to obtain a relation between points in D,.
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3.3 Symmetry Assumptions, Boundary Values, and the Equivalence of Measurements at
Points within D,
Next, the following symmetry properties at the boundary between D, and D, (at ¥ = 0)
are assumed:

A2. Y,YM are antisymmetric in ¢ about ¢ =0
A3. RM is antisymmetric in ¢ about ¢ =0

Al. D is symmetric in ¢ about ¢ =0
} (3.9)

Properties A1 and A2 are consistent with the available wind tunnel data and usually (but not al-
ways) characterize flow around a body which is symmetric about its vertical plane. The symmetry
of RM is less obvious a priori. It can be shown from equations 3.6 and 3.7 that a symmetric and
an antisymmetric function have distinctly different properties at the boundaries of R, and within
Ro,. The Ames roll-moment data are not consistent with either symmetry, but data from both
reference 4 and 6 in appendices B and C show that it is antisymmetric and this is assumed here.
It follows from equation 3.7 and property A2 above that L and PM are necessarily symmetric
about this boundary, so that the complete symmetry properties about ¢ = 0 are:

D D

Y —y

L L
ey =| _2us (¥, @) € D, (3.10)
PM PM
YMJ) gy \N—YMJ (ya

Symmetry about the D, — D2 boundary (about a = 0) is obtained by combining equations 3.6
and 3.10;

D D

Y Y

L ~L
RM = | -RM (¥,a) € D, (3.11)
PM —PM
YM ('/’,_a) YM (1/),0)

Naturally, the force and moment components are zero at the boundaries about which they are
antisymmetric, assuming continuity of the static aerodynamics throughout D.

The aerodynamics at pairs of points within D, can now be related. Referring to figure 3.6a,
if (¥, a) is any point in D,, and (—1, ) is its equivalent point in D; from equation 3.7, then a

relation between the aerodynamics at (1, a) and (1, ;) is obtained by combining equation 3.7
and 3.10;

D D

Y —cos¢yY +sing,L

L sin¢,Y + cos ¢, L
RM = w—RM v (¥,0) € D, (3.12)
PM cos ¢, PM +sin¢, Y M
YM (¥1,a1) sin¢,PM —cosd Y M

(¥,a)
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where
cot ¢, = tan asiny = tan a; siny, éw € [0,90°]
siny; = sinacosy ¥, € (0,90°
tano; = tanyy/cos o a; € [0,90°]

Points related by equation 3.12 are termed “equivalent” hereafter. This relation is identical to
that plotted in figure 3.5, except that values of i, are now positive. Referring to figure 3.6b,
the regions R and R, are separated. by the line of self-equivalent points (the line for which
(¥1,1) = (¢, @) in eq. 3.12) given by

¥*(a) = tan"!(sin @) a € [0,90°] (3.13)

Each point in R, is equivalent to a point in R, and conversely. Therefore, the aerodynamics at
any point in D, (and any point in D) can be given from the aerodynamics at a corresponding point
in Ry. Further, the left half of D, (the region, ¥ < 45°) contains R, and is more than sufficient
to define the aerodynamics throughout D.

The available measurements are in the lower half of D, (the region a < 45°). This region is
equivalent to the region R, (fig. 3.6c) whose interior boundary is equivalent to the line a = 45°
and is given from equation 3.12 by

4% (@) = tan~!(cos a), a € [0,90° (3.14)

Unfortunately, this encloses only about one-third of the region a > 45° for which we have no
measurements.

The boundaries of R,,R;1 and R2 subdivide D, into six regions, and it is useful for the
analysis to denote these separately as shown in figure 3.6d. The figure includes formal definitions
of these regions for use in the calculations of the next section. The region of measurements,

Ro, is subdivided into $;,S2 and S3. Each point in §; is equivalent to a point in S; and the
converse is true. Measurements at equivalent points within these two regions can be compared
for their agreement with equation 3.12 and discrepancies are presumed to be due to measurement
errors. Each point in §, is equivalent to a point in S3 so that measurements in S3 will provide
measurements of the aerodynamics at corresponding points in S4. Last, S5 and S¢ are mutually
equivalent, and the aerodynamics in these regions cannot be given from measurements in R,
using equation 3.12. Thus, the symmetry properties represented by equations 3.4, 3.5, and 3.8
are insufficient to define the aerodynamics everywhere in D from those in R,.

Although the aerodynamics in S5 and Sg cannot be determined from measurements in R,,
the theory and data provide values along the boundaries of S5 and Sg and an equivalence relation
which must be satisfied by any approximate model of the aerodynamics for this region.

Symmetry about the D, - D5 boundary (about ¢ = 90°) can be obtained by combining
equation 3.8, which relates points in D3 and D5, with equation 3.6, which relates points in D3 and
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| Figure 3.6.- Equivalent points and regions in D,.
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D D

Y -Y

L —L
RM =1 rM (3.15)
PM —PM
YM (90-AyY,a) -YM (90+AY,a)

Y,L,PM and Y M are antisymmetric in ¢ about ¢ = 90° and, therefore, zero on this boundary,
while D and RM are symmetric. As previously noted with equation 3.7, all components are
constant on this boundary; since RM(90°,0°) = 0 (equation 3.11) we have

Y=L=RM=PM=YM=0 at =090 (3.16a)

D =D(90°,0°) at % =90° (3.16b)

Last, symmetry about the boundary, a = 90°, can be obtained by combining equation 3.10,
which relates points in D; and D,, with the second solution of equation 3.4 for the case
(m,n) = (1,0), which relates points in D, to points in the quadrant (y,a) € [0°,90°]%[90°,180°;

D D

Y Y

L ~L
BRM =| _pM (3.17)
PM -PM

YM/ (y90-aa) YM J (4 00+aq)

The antisymmetric components, L, RM and PM are zero at & = 90°. An evaluation of equa-
tion 3.12 on this boundary indicates that the symmetric components, D,Y and Y M are either
symmetric or antisymmetric in ¢ about ¢ = 45°:

L=RM=PM =0

D D (3.18)
Y = -Y at o = 90°
YM (45—-Ay) -YM (45+Av)

Thus, Y and Y M are zero at ¢ € {0,45°,90°} along this boundary.

3.4 Summary
The geometric symmetry of the box results in a set of attitudes {(vy, a;)} corresponding to
rotations of the box in the tunnel for which the measured aerodynamic components are identical
or differ only by a sign (egs. 3.4, 3.5 and 3.9). This permits determination of the aerodynamics at
any point in the set from measurements at one point, and at any point in D from measurements at
a corresponding point in D, (egs. 3.6, 3.7 and 3.8 or egs. 3.8, 3.10 and 3.11), or at a corresponding
point in the smaller region within D, given by 0 < ¢ < 45° (egs. 3.8,3.10 and 3.12).
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Measurements confined to the region within D, given by 0 < a < 45° do not suffice to define
the aerodynamics throughout D; the aerodynamics at any point in R, or S4 (fig. 3.6) and its
related region in each other quadrant can be obtained from such measurements, but not at any

point in S5 or S¢ (fig. 3.6) and their related regions.

The exact aerodynamics and any model constructed from the available measurements must
satisfy equation 3.12 and the zero boundary values specified by equations 3.10, 3.11, 3.16 and

3.18; that is, in D,;

1. D satisfies equation 3.12.
2. L and Y satisfy equation 3.12 and
Y =0if ¢ =0 or 90°,
L =0if a =0 or 90°, or ¢ = 90°.
3. RM satisfies equation 3.12 and
RM =0if ¥ =0 or 90°, or a = 0 or 90°, or tan¢ = sin a.
4. PM and Y M satisfy equation 3.12 and
PM =0 if a =0 or 90° or ¢ = 90°, and
YM =0if ¢ =0 or 90°.

> (3.19)

/

The measurements of reference 3 are reviewed in the next section for their degree of agreement
with these conditions, revised as needed to satisfy equation 3.19, and then extrapolated consistent
with equation 3.19 throughout D, to provide a comprehensive estimate of the box aerodynamics.
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4. REVISION AND EXTRAPOLATION OF THE WIND TUNNEL DATA

The object of this section is to estimate the MILVAN’s static aerodynamics throughout Do
by fitting the Ames wind tunnel data in Ry (fig. 2.2) to the theoretical model of the previous
section. This is done by: 1) revising the data tables in R, to satisfy the theoretical equivalence
relations and zero force and moment lines (egs. 3.12 and 3.19); 2) extending this fit to S4 using
equation 3.12; and 3) defining approximation functions in $5 and Sg which satisfy the known
boundary values from equation 3.19 and the previous two steps, and the equivalence relations
(eq. 3.12), and whose functional behavior is smooth at the boundary with S3 and $4 and simple
within S5 and Ss. The results are given as new data tables which span D, and fit the theoretical
model.

The Ames data in R, do not exactly satisfy equations 3.12 and 3.19. The discrepancies, which
are large for some components, can result from measurement errors or differences between the
assumptions underlying the theory and the test conditions. However, in all cases there is sufficient
evidence from the Ames data or from independent wind tunnel tests (refs. 4-6) to show that the
MILVAN’s aerodynamics agree closely with the theory. Therefore, all significant discrepancies
are assumed to be due to measurement errors and the estimate in R, is obtained by revising the
data to fit the theoretical model. These revisions are small for drag, sideforce, and yaw moment,
moderate for lift, and the roll- and pitching- moment data are entirely discarded and replaced
by estimates obtained from independent data (roll) or from the remaining data and the theory
(pitch). The resulting estimates are all compared with the available independent wind tunnel
data, and good to fair agreement is obtained.

An analysis sufficient to identify the systematic and random tunnel errors in measuring forces,
moments, and attitude angles or the data processing errors, which might account for the principal
differences between the Ames data and the theory, is beyond our scope. The original tunnel records
are no longer available for such an analysis nor was there any opportunity for further tunnel tests.
In several cases, systematic measurement errors consistent with the observed discrepancies along
the theoretical zero lines are noted as an aid to selecting plausible global behavior of the correction
functions, but very little can be concluded from the data alone regarding actual error sources.

4.1 Drag
The drag data can be tested for their agreement with equation 3.12 over the regions §; and
S2 by calculating the difference between measurements at equivalent points:

6D(y,a) = DC(¢,a) — DC (¢, 1) (Y,a) € Sy or Sy (4.1)
where: siny; = sinacosy
tana; = tany/cosy

and DC is the corrected wind tunnel data from figure 2.2. These differences (fig. 4.1) are small
everywhere in §; and S2 with a maximum value corresponding to 5% of the measured drag.

An estimate of the drag in §; and §2 which satisfies equation 3.12 is obtained by averaging
the data at equivalent points:

D(,a) =0.5(DC(¥,a) + DC(¢1,a;1))  (¥,a) € S; or S, (4.2)
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This revises the drag data only slightly (DC — D= 0.56D).
To examine the appearance of measurement errors in these revisions first express the data,
DC, as the sum of the actual drag, D, and the drag measurement error, DC, and then obtain:

D(¢,a) = D(¢,a) + 0.5(DC(¢,a) + DC(1,1)) s
§D(¢,a) = DC(¢,a) — DC (1, 1)

Thus, D retains the average measurement error at the two equivalent points while 6D is their
difference. This difference is also a lower bound on measurement errors;

0.56D(¢,a)| < maz{|DC(¥, @), |DC(1,e)[} (4-4)

Thus, the measurement errors are at least as large as §D/2 , and small values of §D admit
small errors, but do not preclude a large table bias or average error. However, a comparison of
the drag estimate, 13, with independent data from references 4-6 in figure 4.2 show only small
differences which indicate the probable size of the measurement errors and the effects of differences
in surface details of the wind tunnel models. A more comprehensive comparison with the data
from reference 6 is made in appendix B (fig. B3) and shows similar good agreement throughout Ro.
Further, the data from references 4-6 were taken at negative heading so that these comparisons
also confirm the symmetry of drag with ¢ about ¢ = 0.

An estimate of the drag in Sz and §4 which satisfies equation 3.12 is obtained by averaging
the drag measurements at 1 = 90°, denoted Dy, and then

PN DC(,a) (Y,a) € S5 ¢ £ 90°
D(y,a) = § Deo ¥ = 90° (4.5)
DC('pl) al) ('l/}, a) € 84

Note that the drag measurements (fig. 2.2) are very nearly constant at ¢ = 90°, as expected from
equation 3.12, and averaging to impose this boundary condition revises the data negligibly.

Last, drag must be extrapolated over S5 and Sg subject to equation 3.12. Consider, first, an
extrapolation based on the theory that the drag of bluff bodies varies principally in proportion to
the cross-sectional area of separated flow. This area is estimated here as the box area projected
on the plane perpendicular to the air velocity vector:

Ay/S =0.4|costpcosa| + |cosysina| + |sin 9| (4.6)
where S is the side area, 160ft2. A plot of the measurements versus A, (fig. 4.3) shows good
correlation at low values of A, but much larger spread in the data at high values, and is nonlinear.
However, when plotted versus the angle between the velocity vector and the box longitudinal axis;

€ = (1y,,85,) = cos™(cos ¢ cos @) (4.7)
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better correlation is obtained (fig. 4.3b). Thus, the drag measurements can be fitted with a
monotonic function versus ¢ with moderate discrepancies, and this fit can be extrapolated to a
global model for drag in only one variable;

D(w,a) =D(¢(v,a))  (¥,e) € Do

where D(¢) is the fitted function. It can be shown that both Ap and € are invariant at equivalent
points (Ap(¥,a) = Ap(¥1, 1) and £(; @) = €(+1, @;)) so that global models obtained by fitting
the data to either variable would satisfy equation 3.12.

The following estimate of drag over S5 and Sg is adopted based on the measured drag versus
¢ along the boundary a = 45°;

D(,0) = D¥(¢,a),45) (¢, a) € S5 or Se (4.8)

where

(¥, @) = cos™! (\/Ecos €(v,a))

Here, D A(¢,45) ¢ are defined in equations 4.5 and 4.7 above, and ¥ is an inversion of equation 4.7
at a = 45°. This extrapolation satisfies equation 3.12 since it is a functlon of £ only. Further, it
is continuous and “smooth” at the boundaries with Sz and 34 (that is, Din eq. 4.8 matches Din
eq. 4.5 at these boundaries, and the functional behavior of D does not change abruptly at these
boundaries as can be seen in the contour plot in fig. 4.4), and the extrapolation assigns values
which are within the range of the measured drag values.

The drag estimate defined by equations 4.2, 4.5 and 4.8 is given in figures 4.4 and 4.5. This
estimate matches the measured behavior as closely as possible while satisfying equation 3.12.

4.2 Side force and lift

The side-force data and plots of figures 2.2 and 2.3 show small discrepancies from the ex-
pected zero crossings at the the boundaries, 1» = 0,90°. These discrepancies are assumed to be
measurement errors which are a sum of random and systematic errors in measuring angles and
force. Plots of the data for these boundaries indicate they are systematic and qualitatively con-
sistent with a bias of 1° — 2° in measuring yaw angle, Ay. This results in a side- force bias at
the end points of the form; b, = 3Y /319 At). We assume these biases are continuous and affect
measurements at other values of 1, so a correction function, given as a linear combination of the
end point discrepancies, is defined;

by () = (1 - ) YC(0,0) + & ¥C(90,0) (4.9)

and then

This revision nulls YC at ¢ = 0° and 90° and otherwise varies linearly in heading between its
values at these end points. This variation approximately follows the variation of 3Y/dy. A
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comparison of the revised measurements with independent data from references 4-6 in figure 4.2
shows good numerical agreement at a = 0, and a more comprehensive comparison in appendix B
(fig. B4) shows good agreement throughout Ro. This implies that the data from reference 3
do not contain a large systematic error at intermediate heading angles that was missed in the
end-point data used to define the revision in equation 4.9.

The lift data in figures 2.2 and 2.3 show good agreement with the expected zero value at
¥ = 90°, but agreement with the expected zero value along the a = 0 boundary is poor; there the
measured lift reaches 32Q 1b at intermediate values of heading angle. This variation of measured
lift with heading at a = O is seen to be systematic and present consistently at a up to 30° in
figure 2.3. It was noted that the box surfaces are not identical as assumed in the extrapolation
theory of the previous section; the bottom, side, and front of the wind tunnel model were cor-
rugated while the top and rear were smooth. This might result in a zero lift line different from
a = 0. However, reference 3 contains some data for a smooth-surfaced box which was compared
with the data of figure 2.2 and shows the same variation of lift with ¢ at a = 0 and generally
small differences from the corrugated box lift over the region for which data are given. That is,
the effect of the surface corrugation on lift is much smaller than the maximum lift measured at
o = 0. Further, data from reference 6 is available for both smooth and corrugated containers
and these also show only small differences in lift, but good agreement with the expected zero-lift
line at « = O (appendix B, fig. B1). Finally, it is noted that the questionable lift variation in
the Ames data was consistent with a sizeable systematic error in measuring angle of attack, Aa,
that is; the variation of lift at a = 0 approximately follows the variation of L/da with yaw. A
correction was defined from the nonzero boundary values as:

bi(¥,a) = & LC(90,) + [LC(%,0) — g5 LC(90,0)](1 - )
(4.10)
LC1=LC -

This revision nulls LC at the boundaries ¥ = 90° and a = 0. The second term varies linearly in a
and approximately follows the variation of the lift slope, which declines monotonically with a to
small values at o = 45°. The resulting table of values of LC1/Q, contained small negative values,
under 5ft2 , in the region ¥ > 60°; these were assumed to be due to errors in estimating the
systematic errors rather than present in the actual lift function, and were faired out of LC1 for
the following calculations. The discrepancies from theoretical boundary values noted previously
and the independent wind tunnel data suggest that lift is less accurately measured than side force
in the Ames data.

The discrepancies between the revised data and values calculated from the data at the equiv-
alent point are:

<6Y) =(YCI> _(—cos¢w sin¢w) (YCI) (4.11)
6L ($,2) LC1 (%,2) sing,, cos¢, LC1 ($1,01)
where (¥, a) € §;, S2; YC1,LC1 are defined in equations 4.9, 4.10; and (¥, a3, ¢,,) are functions

of (1,a) defined here and everywhere in this section by equation 3.12. A table of lift discrep-
ancies is included in figure 4.1. The results show moderate discrepancies under 15Q at nearly
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all gridpoints in §; and S2. Plots of the two lift functions compared in equation 4.11 are given
in figure 4.1c and show adequate agreement in curve shapes. The agreement of these data with
equation 3.12 is somewhat poorer than for drag.

To abbreviate the notation hereafter, let fel, f, etc., be the two-dimensional force vectors
(yci,LCcn)T, (?,f)T, etc., and let U be the coefficient matrix for these components in equa-
tion 3.12 (repeated in eq. 4.11).

An estimate, f, of these components which satisfies equation 3.19 can be given from fcl by;
1) averagmg fecl at equivalent points in §; and §; to impose equatlon 3.12, 2) using equation 3.12
to define f in §4 from fcl in S3, and by 3) interpolation of f in S5, Se, between its known values
along the boundaries of this region, assuming linearity in a, followed by averaging at equivalent
points in S5 and Sg to impose equation 3.12;

0.5(fcl(¥,a) + U fel(¥y,a1)) (¥,a) € 81, S2
f(¢ a) _ f‘:l("pa a) (‘l’s a) € S3
* ) U fel(¢, o) (¥,a) € $4
0.5(fl(¥,a) + U fl(¢¥1,a1)) (Y,a) € S5, Se

where fl is the linear function defined in Sg and Sg by;

(4.12)

~ (90 — a)
fl(Y,a) = f('ﬁ,ao)(g—o_—ao‘)' (¥,a) € S5, Se
o _{45 ¥ > *(45)
%™ | cos™!(tan(¥)) ¥ < ¢*(45)

Here, 9* is defined by equation 3.13, ¥*(45°) corresponds to the meeting point of all regions
S1 — Ss seen in figure 3.3, and {ap(9); 0 < ¥ < 90°} is the lower boundary of S5 and Se.

The estimate in §; and §; is obtained by averaging fecl with the value calculated from fcl
at the equivalent point. The appearance of measurement errors in this estimate can be obtained
by representing the revised data, fcl, as the sum of the exact force, f, and the error, f?i, and
then, assuming equation 3.12 is exact, fcan be written as

-~

f,0) = f(¥, @) +0.5(fel(¥,a) + Ufel(¢r,e1))  (¥,0) € Sy, S (4.13)
where f contains the average of the errors at the two points. Note that U is orthogonal and does

not change the magnitude of ﬁi(d)l, a;), but can distribute this magnitude in any ratio to the
components Y and L.

Alternatively, the estimate in S; and S2 can be given solely from the side force data by solving
equation 3.12 for L(v, ) in terms of Y (¢, @), and Y (1, a1);

¥'($,0) =YC1(¢,0)

L'(¢,a) = cot‘¢wYCI(¢, a) + csc ¢, YC1(hy, 1)
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however, this lift estimate is ill-conditioned at small ¢,,, and the accuracy of L’ is degraded from
the Y-measurement accuracy. An estimate based solely on the lift measurements can also be given
analogously with a similar effect on estimation accuracy.

A comparison of the side force estimate at @ = 0 with independent data is included in
figure 4.2, and a more comprehensive comparison of f with the data from reference 6 over the
region R is given in appendix B (fig. B4). Good agreement is obtained for sideforce (differences
are below 10Q at nearly all grid points). Lift differences are larger, in the range of 15Q to 30Q
over much of Ry, but these differences are the same size as the disagreement of the lift and side
force data from reference 6 with equation 3.12, and are probably due primarily to lift measurement
errors in the data from reference 6.

The extrapolation of f into S5 and Sg is carried out as follows. First, f is assumed zero on
the upper boundary of S5 and Sg (at a = 90°). For lift, this value is required by equation 3.18.
For side force, this value is consistent with equation 3.18, which requires Y = 0 at the three points
¥ € {0,45°,90°}, and the expectation that Y is small, if not zero, on this boundary. Second,
f is known throughout Ro and $4 from the measurements; this data can be plotted versus «
and the resulting curve extrapolated to the known boundary value at « = 90° such that the
extrapolation is both continuous and smooth at the lower boundary of Sg and Sg. This first
extrapolation does not necessarily satisfy equation 3.12, but equation 3.12 can be imposed by
averaging the function with the value calculated from the function at the equivalent point. In the
present computations f is extrapolated linearly in o and this was found sufficiently smooth and
computationally convenient.

The estimates, Y and f,, defined by equations 4.9, 4.10 and 4.12 are given in figures 4.4
and 4.5. The maximum lift of the MILVAN occurs outside the domain of the original measurements
and is predicted from the side-force data. Maximum values exceed 80Q 1b at a = 60° and low
values of . The contour plots (fig. 4.4) show smoothly varying functional behavior throughout
Do, and a comparison with the measurements plotted in figure 2.4 indicates that little qualitative
change has been made to functional behavior over Ro, while numerical changes are small for side
force and more significant for lift, principally near a = 0.

4.4 Roll moment
The roll moment data from references 4-6 (appendices B and C) indicate that RM is an
antisymmetric function and, in R, it satisfies;

RM(¢,a) = ~RM (31, a1)
RM =0 tfY=0,0orpy=90° ora=0
However, the Ames roll moment data (figs. 2.2-2.4) have large discrepancies from these properties.
Large magnitudes occur along all boundaries where zero is expected, and the systematic trend
versus 1 to large negative values which occurs at a = 0 is present at all a.
To examine the symmetry of the Ames data further, the table can be separated over S; and
Sz into components which are symmetric and antisymmetric with respect to equation 3.12;

RMCS(,a) = 0.5(RMC(%, a) + RMC (31, a;)) }

RMCA(%,a) = 0.5(RMC(¢, ) — RMC(¢1,0,)) (4.14))
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where RMCS and RMC A are the symmetric and antisymmetric components of the data, RMC.
Any arbitrary table of numbers can be separated in this way.

Assuming the exact function, RM, is antisymmetric and satisfies equation 3.12, the separation
can be related to RM and the measurement errors, REMC , as follows

RMCS(¥,a) = 0.5(EMC(¢,a) + RMC(1, 1)) w19
4.15
RMCA(¥,e) = RM(¢,a) + 0.5(EMC (¥, a) — EMC(y1, 1))

Here, RMCS contains the average error, and RMC A contains RM and the antisymmetric com-
ponent of the measurement errors. Note that a table bias (R’]\\fC (Y,a) = EMcC (¥1,1)) or
nearly symmetric errors are self-canceling in RMCA.

The results (fig. 4.6) show that the measured antisymmetric function, RMC A, has large
nonzero values to 100Q ft-lb along the boundaries, ¥ = 0 and a = 0, where zero is expected.
Since these are among the largest values in the RMCA table then RMC A is predominantly the
antisymmetric component of the measurement errors and any estimate of RM from RMC A would
be completely uncertain, except for the zero values imposed by the theory. The average errors,
RMCS, are also large, reaching 70Q ft-lb, and exceed the measured antisymmetric function at
many points in the table. The average error is a lower bound on the measurement errors;

|IRMCS(¢,0)| < maz{|EMC(¥,0a)|, |RMC(¢1,01)|} (4.16)

Thus, the roll-moment data from reference 3 appear to be dominated by measurement errors.
Finally, we adopt the estimate

EM($,0) =0 (¢,a) € Do (4.17)

since 1) the data from reference 3 are uncertain, and 2) the data from reference 6 (appendix B)
show much better agreement with the theory and indicate that roll moment is small throughout
Ro; therefore it will have little or no effect on load equilibrium and motion compared to the roll
restoring torque exerted by a suspension.

4.5 Yaw and pitching moments
The yaw-moment data shows good agreement with its expected antisymmetry in ¥ about
¥ = 0 and 90° (fig. 2.3). Numerical values (fig. 2.2) show moderate discrepancies from their
expected zero values at these yaw angles. These appear to be systematic and were corrected
similarly to the side-force data; the measurement errors were estimated as

4 Y

bym(¥,0) = (1 - 51)YMC(0,0) + o5

YMC(90, c) (¥,a) € Ro (4.18)

and then
YMC1=YMC — by

29



This correction nulls Y MC at ¢ = 0 and 90° and otherwise varies linearly between the apparent
end-point errors. A comparison with data from references 4-6 at a = 0 is included in figure 4.2
and shows good agreement in functional variation, with moderate numerical discrepancies (be-
low 100Q ft-1b) among the three sources. A more comprehensive comparison with data from
reference 6 in appendix B, figure B7, shows a similar degree of agreement throughout Rg.

Pitching moment is predicted by the theory of section 3 to be antisymmetric in a about
a =0, and in 9 about ¥ = 90°. The data in figures 2.2 and 2.3 show systematic departures from
the predicted antisymmetries and large discrepancies from the predicted zero values along these
boundaries. These discrepancies are also the largest measured values in the data table, and they
are not due to the surface corrugations since the data for smooth and corrugated-surface boxes
in reference 3 differ by amounts which are much smaller than these discrepancies. Independent
data from references 4-6 in appendices B and C show small to moderate discrepancies from the
expected zero-PM lines, and moderate discrepancies from the predicted relation with the YM
data when tested throughout the region Ro.

Consequently it is assumed that the discrepancies of the PM data in reference 3 from the
theoretically predicted zero values are due to measurement errors and that these dominate the
data at heading above 25°. Therefore, the PM data are discarded, and we estimate PM and
Y M entirely from the YM data and its extrapolation to the region a > 45° as follows:

— _[YMC1(¢,0) (¥,a) € R
YM(4,e) = { Y MC1(y,45)(90 — a) /45 (6.0) € S¢
171\71(1/;, a) = cot ¢.,,17M(¢, a) + csc ¢w}71\\l(¢1, a;) ' (¥,a) € Ro, S

(4.19)

(@) _ 5[<YM01) N (cos¢w sin ¢, ) (YMCI) ]
PM (¥,a) PMC1 (%)) sing,, —cos¢@y PMC1 (¥1,01)
(1/),&) € sBa Se

where, in S5 and Sg
YMC1(y,a) = Y MC1(3,45)(90 — a) /45
PMC1(y,a) = g(¢, a) = faired extrapolation function

The estimate of PM in Ro and S4 is obtained from Y MC1 at equivalent points using a
relation obtained by rearranging equation 3.12. This relation is singular at ¢,, = 0, and otherwise
can mgg\nify the YM-estimation errors by the factor csc ¢, so that PMis necessarily less accurate
than Y M. However, the estimate given by equation 4.19 for the regions Ro and $4 is satisfactory
since ¢,, < 45° there and the error magnification is under 1.5. The resulting pitching-moment
estimate, PM , is about as accurate as the yaw- moment estimate. This estimate differs completely
from the original data in functional behavior (compare PM in figs. 2.4 and 4.4), but a comparison
with independent pitching-moment data from reference 6 over the region R, (appendix B, fig. B7)

shows the same degree of agreement as seen in the comparison of yaw moment estimates in
figures 4.2 and B7.
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The estimate in S5 and S¢ uses the same extrapolation scheme employed for lift and side force
in this region. Along the upper boundary, (a = 90°), PM is zero (eq. 3.18) and Y M is assumed
zero based on its known zero value at three points on this boundary (eq. 3.18) and the expectation
that its value is small elsewhere on this boundary, even if not zero. In addition, YM and PM
are known throughout Ro and $4 from equation 4.19(a), and can be plotted versus o and then
extrapolated across S5 and ,S¢ to the known boundary values at o = 90°. This extrapolation,
denoted YMC1 and PMC1 in equation 4.19(b), is made with little knowledge of the actual
functional behavior, such as local extremes, in S5 and Sg. Therefore, a curve is faired between
the known boundary values subject to; a) continuity and smoothness (continuous derivatives)
at the lower boundary, and b) the minimum number of curve reversals needed to connect the
boundary values. In the application of this conceptual scheme, Y M was extrapolated linearly in
a while PM, which rises toward a maximum near a = 45°, required some nonlinearity in the
faired extrapolation function (denoted as g(¥, a) in equation 4.19 without further definition and
implemented as a tabulated function obtained from manually faired graphs in the actual work) to
obtain smoothness at the boundary. The resulting initial extrapolation, Y MC1 and PMC 1, was
then averaged at equivalent points in S5 and Sg to impose equation 3.12. The results are included
in figures 4.4 and 4.5.
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00 o00 -35 -23 -06 26 21 26 26 58 -09 -65
2.0 1.8 -24 -15 -0.3 30 24 34 37 62 05
4.0 3.5 0.0 0.5 0.0 4.0 4.0 3.8 4.9 5.9 1.6
6.0 26 -0.1 0.5 -0.1 2.9 3.1 4.3 4.8 5.5 2.0
80 23 05 00 01 21 26 38 44 50 23
10.0 14 -05 0.1 0.1 2.5 3.5 5.0 4.4 4.9 3.3
120 06 -01 01 00 27 49 62 45 65 4.8
160 -26 -41 -22 -25 0.1 3 77 69 78 6.8
200 -21 -41 -29 -5.0 -2.2 1.0 5.0 4.6 8.6 7.7
250 -26 -43 -42 -66 -59 -15 20 1.9 64 173
300 -26 -53 -47 -49 -64 -25 -05 0.7 4.0 4.1
350 -58 -60 -47 -71 -86 -3.7 -1.8 0.2 2.8
40.0 09 -25 -39 -68 -76 -76 -3.5 -1.0 1.2
450 65 42 -19 -74 -101 -63 -1.7 -14 0.1
(a) éD/Q: Drag Difference.
o
00 00 00 00 OO0 OO 00 00 o000 00 00 00
20 -13 -10 -23 -14 -04 -26 -09 07 50 6.0
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Figure 4.1.- Differences between data at equivalent points; force components.
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Figure 4.5.- Estimated MILVAN aerodynamics.
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Figure 4.5.- Concluded.
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Figure 4.6.- Roll moment data separated into symmetric and antisymmetric components.
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5. DISCUSSION AND CONCLUSIONS

Thus far, the results consist of a table of wind-axes force and moment components in the
base domain, Do, (fig. 4.5) together with formulas in section 3 (egs. 3.8, 3.10 and 3.11) for
extrapolation to the complete domain of interest for simulations. These formulas are collected
together in figure 5.1. For any point (1, a) the force and moment components are given from
the data at a corresponding point (4o, ao) in Do by a relation which depends on the quadrant of
(¢, @). The form of this relation together with the correspondence of points and the coefficient
matrix for each quadrant are listed in figure 5.1. The coefficent matrices are all diagonal and
represent rotations of 180° about one or another axis. A simulation routine is readily written
from this information.

A body axis formulation is often preferred in simulations. The required data tables are not
given here but can be generated routinely from the data in figure 4.5 by the transformation

(¥, 0) =Ty 0 (¥, a) fu(,a) (5.1)

where
cosacosy cosasiny —sina

Ty w(¥, o) = Ex(a)Es(y) = ~siny cos ¢ 0
sinacosy sinasiny cosa

and f refers to either the force or moment vector. The corresponding extrapolation formulas can
be obtained by applying equation 5.1 to the extrapolation formulas for wind axes. The results
are included in figure 5.1; these have the same form as for wind axes, but the coefficient matrices
are modified for quadrants with |¢| > 90°.

In addition, sideslip angle is customarily used in simulations in place of heading relative to
wind axes. This can be accommodated by revising signs in the data tables for either wind or body
axes in accordance with equation 3.10 and then equations 3.8, 3.10 and 3.11 and the formulas of
figure 5.1, with 8 replacing 9, govern the extrapolation to all quadrants. Another possibility is to
formulate the model in vector form without special notation for each scalar component; for this,
the signs of D and L in the data table are changed, and then the formulas of figure 5.1 apply
unchanged for both wind and body axes; e.g., for wind axes

( FA, ) _g ( FA, )
MAw ] (4,0) MAw J (40,00)

where FA and M A are the aerodynamic force and moment vectors.

Various indications of the accuracy of the data and the present estimate are noted in the text
and summarized next. First, differences in repeated measurements indicate the presence of random
measurement errors and unsteady flow effects not averaged out in the data processing. Second,
discrepancies of the data from the zero lines and from the relations between the data at equivalent
points predicted by the theory of section 3 reveal the presence of systematic errors because of
sensors, test conditions, and data processing, and from differences between the assumptions of
the theory and the test conditions. Third, differences in data and results from the independent
data of reference 6 reflect errors in the data from both sources, and provide an independent
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indication of the systematic errors. The data from reference 6 do not show the large-to-gross
discrepancies from theory found in the Ames data for L, RM and PM, but are not otherwise in
closer agreement with theory. The effects of nonidentical model surfaces are present in the second
and third comparisons, but these effects were measured in both wind tunnel studies and were
found to be small.

The drag data show good repeatability and good agreement with the expected symmetry at
equivalent points in the region for which this can be tested (in §; and $;), and the drag estimate
agrees closely with the data from reference 6. The side-force data show good repeatability and
agreement with the expected zero lines and with the data from reference 6. The lift data show
good repeatability, good agreement with the zero-line at ¢ = 90° but significant discrepancy from
the zero line at a = 0° for intermediate heading and, when these disagreements are corrected, the
results show good agreement with the theoretical relation of lift and sideforce measurements at
equivalent points. The lift estimate shows only fair agreement with the lift data from reference 6,
but the difference is likely dominated by inaccuracies in the lift data from reference 6. The roll
data show poor repeatability and no agreement with any symmetry property or with the data
from reference 6, and the pitching moment data show poor repeatability and gross disagreement
from the expected zero lines at &« = 0, and ¥ = 90°. In both cases, the largest values in the data
table are presumed measurement errors and these data are considered unusable. Finally, the yaw
moment data show good repeatability and agree well with the expected zero lines at ¥ = 0 or 90°,
and the estimates of both PM and Y M obtained from the Y M data show fair agreement with
the data from reference 6. In summary, it appears from these comparisons that the accuracy of
the estimate is good for drag and side force and fair for the remaining components in the regions
for which the comparisons can be made.

A more definitive assessment of the inaccuracies in the data from reference 3 and a more
accurate correction of that data than the revisions of section 4 requires a study and identification
of the principal underlying tunnel and data processing errors. Unfortunately, the possibility of
such a study is limited since the measurement and data processing records have been discarded.
A review of the equations relating the six wind axes components of the aerodynamics to the six
tunnel scale outputs for the Ames 7 x 10 ft tunnel indicated that the gross trends of RM and
PM versus 1 seen in figure 2.3 (which are also the systematic discrepancies of these data from
the theory) are consistent with a significant error in the vertical coordinate of the model support
point in the data processing. This results in RM and PM errors proportional to side force and
drag, respectively, and has no effect on any other component. A correction of the RM and PM
data based on this model of one error source reduced the discrepancies, but large discrepancies
remained apparently because of significant additional systematic and random errors.

Factors which limit the accuracy of the present estimate of the MILVAN’s static aerodynamics
are; 1) random and unidentified systematic tunnel errors in the available data, 2) the sparseness of
the heading-angle measurement grid in the region 45° < ¢ < 90°, which may result in significant
interpolation error in generating Y and Y M from the data table, as well as a lack of independent
comparison data to confirm the estimate in this region, and 3) the lack of data for the region
a > 45°. Model uncertainty is greatest in the region a > 45°. The analysis of symmetry shows
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that the aerodynamics in most of this region are unrelated to the aerodynamics in the region of
available measurements. The present model is defined in the subregion $4 from the measurements
in Sz, but this could only be done for the force components, and otherwise, the model for a > 45° is
defined by fairing curves between theoretical or measured boundary values. Thus, it appears that
the present global model is subject to small to moderate uncertainties depending on component
and region of the domain, and that improvements in accuracy require new measurements with
improvements in measurement accuracy, tunnel error corrections, and measurement grid density
and domain. o
Finally, the following conclusions are drawn:

1. The symmetry of a rectangular box permits determination of its static aerodynamics at any
attitude from its aerodynamics at a corresponding point in a restricted attitude domain in Dj.
The smallest such domain is

{(#,e); 0S¥ < ta.n_l(Sin a), 0<a<90°}

This is included in the region 0 < ¢ < 45° of Dy, which is more than sufficient to define the
aerodynamics globally. However, the measurement grid of the Ames data encloses the region
0 < a < 45° of Dp. This suffices to define the aerodynamics everywhere except in

{(¥,a); tan~!(cosa) < ¥ < 90°, 45° < a < 90°}

and its equivalent regions in other quadrants of D; that is, except in about two-thirds of the region
of D with |a| > 45°.

2. For all components, zero lines and/or relationships between data at equivalent points are
determined by the symmetry of the box. This feature permits comprehensive testing of the wind
tunnel data for consistency with these properties throughout the attitude domain. Discrepancies
indicate the presence and size of measurement errors in the data.

3. For the Ames data, discrepancies are small for drag, side force, and yaw moment, large for
lift, and gross for roll and pitching moment. Limited data from a University of Maryland study
agree more consistently with the theory, and discrepancies range from small to moderate in size,
depending on the component. In addition, repeated measurements in the the Ames data show

small differences for the force components and yaw moment, and large differences for the RM
and PM data.

4. The accuracy of the global model estimated from the Ames data varies with component and
over the domain. Accuracy is judged to decrease by component in the order drag, side-force, and
yaw moment, lift, pitching moment, and roll moment. Accuracy over the domain is best at small
angles, |a|, || < 45° where most of the measurements are concentrated, and poorer elsewhere
because of larger yaw measurement grid intervals (10° to 15°), or the absence of measurements.

5. The existing data provide adequate accuracy for the most significant components of the aero-
dynamics in the region surrounding the minimum drag attitude of the MILVAN and suffice for a
global model of moderate accuracy. Gains in the accuracy over that obtained here require new
measurements with improved measurement grids.
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S, = diag{1,~1,1,—1,1,~1} = diag{—E3(x), Ea()}
S, = diag{1,1,—-1,—1,-1,1} = diag{—Es(x), Es()}
Ss = diag{1, -1, 1,1, -1, —1} = diag{E, (), E; (r)}
S¢ = diag{-1,1,1,1,~1,~1} = diag{~E; (), E1 ()}
Ss = diag{~1,1,~1,~1,1,—1} = diag{ E;(x), Ez(x)}

Se = diag{—1,-1,-1,1,1,1} = diag{-1I, I}

S7 = diag{”lx -1,1,-1,-1, 1} = d‘.ag{ES(’r)) E3(")}

Figure 5.1.- Equations for the extrapolation of data in D, to any point in D.
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APPENDIX A.-AMES RESEARCH CENTER WIND TUNNEL DATA
The reference table of wind tunnel data used in the text is obtained by combining the data
provided in reference 3 for all points in the reference domain,

Ro={(¥,a): ¢ €][0°90°], ac€]([0°90°} (A1)
This combining can be done in two steps as described below.

Al. Basic Measurements

First, reference 3 provides two tables of measurements of the force and moment components
in wind axes, and these must be combined. The two tables are obtained from measurement
sequences made with fixed angle of attack (yaw-sweep data) and fixed yaw angle (pitch-sweep
data), respectively. These data are quoted in figure Al for all points which fall in R,. As seen
from the grids in figure A1, the two tables together cover all of R, and have a common region
over which two sets of measurements are available, but at nonidentical grid points.

These data can be combined by; 1) defining a reference grid as the union of the two grids,
and 2) averaging the two tables in the common region, using table interpolation if a reference
grid point is absent from one or both tables. This treatment uses all available data, halves the
discrepancy between the two tables, and the combined grid provides better function definition
than either individual grid.

Errors in the data are assumed to be a superposition of repeatable systematic errors which can
vary with attitude, and random errors which are independent from measurement to measurement
and are assumed to have similar statistics for both tables; that is, the error in a measurement of
[ at (¥, a) can be written as:

f(W,0) = folth,) + 1 (A2)

where f, f,, n are the total, systematic, and random errors in the data, respectively. These errors
can arise from multiple causes originating in the sensors, tunnel flow, test apparatus, and data
processing, but the principal sources cannot be identified here since the test conditions are no
longer accessible and the analysis is confined to the measurements. In the tunnel tests, the scale
readings varied continually because of unsteady flow effects, and the measured static aerodynamics
were obtained by averaging numerous readings. Similar unsteady effects and their treatment by
averaging occurred in all investigations; the magnitudes of these effects have not been reported,
but we assume they are small, and that the static aerodynamics correspond to the unique mean
values of indefintely long records of each component. In the Ames data, averaging reduces the
standard deviation of the random errors remaining in the measured values.

The reference grid and a table indicating the number of measurements from reference 3 at
each grid point is given in figure A2. At points with two measurements, averaging reduces the
standard deviation of the independent errors, but retains the systematic errors present in both
tables. At the remaining grid points in the common region one or both tables must be interpolated;
this adds an approximation error to one or both values, and adds the average approximation error
to the inaccuracy of the averaged measurements. This approximation error is small for sufficiently
small interpolation intervals, or it may be small compared to the independent measurement errors.
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For unfavorable conditions (large intervals and strong function nonlinearity) the averaging scheme
may not provide the best accuracy at points with one measurement.

The differences between the two sets of measurements are also given in figure A2 along
with some statistics of the difference tables (means, standard deviations, and the table extremes)
which describe the apparent random-measurement- error processes. All three force components
and the yaw moment show small differences under 10Q lb, 30Q ft-lb, respectively. This excellent
repeatability implies small random and interpolation errors. The roll- and pitching- moment
differences are much larger; these exceed 25Q ft-l1b over a large part of the common domain and
reach maximum values exceeding 100Q ft-lb. These two tables were also separated according
to the number of measurements at each point (not shown) to verify that the largest differences
occurred at grid points with two measurements and were not introduced by the interpolation.
Further, these differences appear to be random with very small mean values; differences exceeding
25Q ft-1b are distributed throughout the grid, and no systematic behavior is discernible.

The composite table is shown in figure A3. The reference grid for yaw has intervals of 10°
to 15° for ¢ > 45°. This is sparse compared to the grid density below 45° and results in a coarse
linearization of the aerodynamic functions with respect to ¢ in this region. Several of these
(Y, L, and Y M) are strongly nonlinear here, as can be seen in figure 2.3 of the text. This region
is of particular interest in the case of single-point suspensions for which the MILVAN adopts a
broadside attitude in equilibrium. The measurement grid density is greatest and the functions

are best defined near ¥ = 0° which corresponds to the MILVAN’S equilibrium position with a
two-point suspension.

A2. Interference Tares

Second, the interference tares must be determined and subtracted from the basic measure-
ments. Reference 3 provides two tables of data obtained from yaw-sweep and pitch-sweep mea-
suring sequences, respectively. These are quoted in figure A4 for all points in R,.

The following factors affect the treatment. As seen from the grids in figure A4, the mea-
surements do not cover all of R,; the yaw-sweep data covers R for a < 20° and the pitch-sweep
data covers R, for ¥ < 45°. In addition, the pitch-sweep data were taken without an image
of the pitch-angle control arm so that these data measure the interference effects incompletely.
Further, both tables were considered in reference 3 to be sufficiently erratic that their use was
open to individual interpretation and was, therefore, left unsettled. The erratic measurements
were attributed to random variations in the separation characteristics of the flow around the box.
A review of the size of the yaw-sweep data indicates generally small values for drag and side-force
interference, moderate values for lift and yaw moment, and large effects in roll and pitch moment.
Thus, the interference tares are not small enough to discard as negligible effects.

The first approach was the straightforward one of using the best available measurement or
estimate; that is, the interference function was taken to be the yaw-sweep data for a < 20°,
the pitch-sweep data for (20° < a < 45°,9 < 45°), and zero in the remainder of R, where
no measurements were made. However, this approach 1) amplified the randomness of the basic
measurements by adding the random measurement errors of the tare data, and 2) disturbed the
systematic trends in the basic data by adding a function with distinctly different trends in the
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three regions of R, where it is differently defined. If the tare data are accurate measurements of an
interference function which varies rapidly with (¢, ), then this treatment would tend to smooth
the basic data. However, the results appeared to be a sum of independent random processes and
are consistent with the hypothesis that the rapid variations in both sets of measurements are due
to random measurement errors.

In the approach adopted, the tare data were viewed as the superposition of a function which
varies smoothly in (¢, @) and a random, independent measurement error;

-

Af(d,0) = Af(d,a) +n (43)

where [ refers to any aerodynamic component, and &f , Af and n are the data, the actual inter-
ference plus systematic measurement errors similar to those in the basic data, and the random-
measurement errors with statistics similar to those of the random errors in the basic data, respec-
tively. The data were therefore plotted and reviewed for systematic trends; that is, for consistent
patterns versus ¢, a with only a few extremes.

The yaw-sweep data are plotted in figure A5. For the force components, the data plotted
versus ¢ (fig. A5a) show consistent trends which can be estimated by averaging over «, but the
data plotted versus « (fig. A5b) show no consistent trend nor any progression of curve shapes for
different values of ¢. For most values of 1, these curves can be interpreted as random measurement
errors about a constant value independent of a.. Straight-line least squares fits to the data showed
nearly zero slopes at most values of . Further, the pitch-sweep data over the larger range,
0° < a < 45°, did not indicate the presence of any significant a-dependent interference effect
which might have been missed in reviewing the yaw-sweep data over 0° < a < 20°. Thus, the
systematic variation of these tares can be estimated as independent of a and given by averaging
the yaw-sweep data over a. The results, after minor smoothing of local curve reversals, are given
in figure A6. The drag and side-force tares are seen to be small, below 10Q Ib everywhere, while
the lift interference reaches somewhat larger values at large yaw angles.

Figure A6 includes some statistical properties of the difference from the original tare mea-
surements; these differences are viewed here as the apparent random tare measurement errors,
and also indicate the degree to which the tare data have been modified by our interpretation. The
mean errors are zero by construction, and the standard deviations and extreme errors indicate
measurement errors for the force components which are a moderate fraction of the tare data and
small in absolute magnitude. Assuming the same random measurement error processes effect all
sets of measurements then the statistics given in figure A6 should be close to those previously
calculated in figure A2 from the differences in repeated measurements of the aerodynamics. A
comparison of the two sets of statistics shows good agreement for the force components.

The roll moment interference tare appears to be predominantly samples of a random vari-
able. There is no discernible trend with ¢ (fig. A5a). Individual curves show reversals to local
extremes and sign reversals at most grid points, and the data, when averaged over o, show the
same properties again. Further, the data plotted versus « (fig. A5b) also show no discernible
trend. Consequently, the roll-moment interference was estimated as the mean of the yaw-sweep
data, —6Q ft-1b, independent of either ¥ or a. This is a nearly negligible value compared to the
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table extremes (—72.4,63.6Q ft-1b). Thus, the roll moment interference tare table is interpreted
to be almost entirely samples of a random process or random measurement errors, which is statis-
tically consistent with the differences in repeated roll moment measurements given in figure A2.
Evidently, the systematic roll moment interference is much smaller than the random measurement
€rrors. .

The pitching-moment interference data shows a consistent trend vs ¢, and a consistent,
increasing trend with a at ¥ = 0° and low yaw angles. This trend declines to a nearly fixed
value at ¢ = 45° and the data become erratic above 45°. Thus, systematic variations in both
¥, a are discerned. For a < 20° the yaw-sweep data are used after smoothing of some local curve
reversals. For the region a > 20°, the pitch-sweep data were reviewed; when plotted versus «
these showed variations which 1) paralleled the yaw sweep data but were offset by a fixed bias,
and 2) were constant for a > 20°. Consequently, the interference tare was estimated as fixed for
a > 20°. The results are given in figure A6, and show large tares through most of R,. The error
statistics indicate a smaller, moderate-sized error process (the large extreme error, 116Q ft-lb,
seen in figure A6 is an isolated value in the error table).

Last, the yaw moment tares versus ¢ (fig. A5a) are nearly independent of a for 4 near 0°
and above 60°. Elsewhere, there is some consistent variation with o (fig. A5b) but the spread is
small enough in magnitude to treat by averaging over a. The results are given in figure A6, and
show modest tare magnitudes, and a random-measurement error process of about the same size.

A3. Reference Table
The basic data with the estimated interference tares subtracted are given in the text (fig. 2.2)
along with plots versus ¢ and contour plots (figs. 2.3, 2.4).
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Figure Al.- Wind tunnel data; force and moment measurements.
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41.1
59.2
62.4
64.0
67.3
68.2
48.1

4.0

-21.5
49.8
-25.1
-81.2
-67.1
-93.8
-65.1
-42.6
-38.1
15.3
8.7
48.7
40.3
57.0

-26.4
-52.0
-82.5
-77.8
-64.3
-66.7
-56.7

-2.9

39.8

41.1
110.3
179.3
162.4
201.1

-96.7
-101.0
-87.7
-55.0
-12.1
19.6
38.6
63.4
78.6
93.4
87.0
79.6
69.3
32.5

8.0

-18.3
6.5
-73.6
-39.4
-24.6
-12.7
13.5
-46.9
-6.0
-23.9
45.1
77.5
-22.7
23.4

-26.4
-18.6
-34.3

-15.5
-39.0
-52.8
-58.9
-8.0
23.7
62.0
74.1
149.4
166.9
188.5

-69.4
-74.3
-70.8
-58.7
-17.1
25.2
52.4
79.4
82.2
77.0
57.5
42.7
5.4
2.1

12.0

33.2
40.8
30.8
20.9
26.7
-19.9
43.2
-22.9
-41.4
-34.7
-88.8
9.4
-12.8
-15.4

0.0
10.0
7.7
-3.2
-0.6
-10.6
-35.7
6.8
27.1
100.6
108.7
163.2
151.7
179.2

-18.5
-23.0
-25.4
-25.0
-14.4
28.1
69.0
96.2
102.3
72.6
23.8
20.3
18.7
14.3

16.0

RM/Q

-18.1 -10.9
334 9.2
14 245

54 5.7
356 519
26.8  35.7
37 1.2
9.4 -31.0

-44.8 -37.8

-11.3  -19.3

-32.0 -383

-71.8 -10.8

225 -60.1

-26.9 -35.0

PM/Q
05 9.2

70 9.1
285 29.3
216  45.6
-7.1 25.3

-30.4 9.8

-21.0 333

89 .7
207 6.5
55.6  28.8

1043 779

1111 119.0

146.9 127.2

150.1  98.0

YM/Q
359 111.0
322 102.1
202 94.8
244 959
206  86.6
52.1 98.4
58.2 109.3
85.1 123.7
86.6 136.1
90.4 139.4
57.8 115.2
56.5 106.6
56.7 100.0
438 9238
200 25.0

-21.6
42.8
-24.9
-10.8
-31.1
-45.7
-34.2
-13.8
-22.2
3.0
-33.3
-58.4
-118.6
-26.7

-11.5
22.8
60.4
79.4
47.8
64.0
32.3

-21.6

-19.9
-2.4
25.4
49.5
51.2
63.2

166.3
156.1
148.7
143.7
132.5
130.0
137.5
168.7
167.2
160.7
160.5
146.7
135.4
126.0

30.0

-58.5
-471.7
-100.0
-43.2
-102.9
-91.1
-148.6
-70.6
-15.3
-5.7
-45.8
-64.5
-78.2
~70.7

-25.1
0.5
39.3
62.1
53.5
44.6
31.8
-39.1
-48.1
-21.0
-36.9
-2.7
50.5
43.8

207.3
196.9
185.6
178.6
175.3
176.7
186.9
211.0
205.8
190.4
180.6
167.7
157.4
150.4

35.0

(b) Pitch-sweep data; Moment components.

Figure A1l.- Continued.
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-158.0
-162.9
-171.7
-253.0
-188.3
-186.7
-173.6
-151.6
-113.7
-149.2
-156.5
-189.4
-198.3
-158.4

-33.3
-28.9
-2.5
134
0.0
-72.7
-101.1
-92.7
-52.9
-30.6
-44.0
-7.1
-17.3
-3.8

274.2
264.8
255.8
245.3
246.5
251.8
260.1
262.7
256.0
250.8
238.9
224.0
213.6
200.0

45.0

-151.4
-169.8
-183.8
-229.3
-224.7
-208.7
-277.0
-253.7
-216.3
-243.0
-216.8
-199.1
-223.8
-208.2

-235.4
-243.1
-253.1
-256.6
-261.7
-234.2
-237.4
-233.0
-233.2
-213.5
-194.6
-154.6
-101.9

-96.3

289.8
289.6
292.1
294.5
295.4
298.8
298.6
295.5
286.4
279.2
276.4
268.7
263.4
255.0

60.0

-75.5
-74.9
-62.9
-77.3
-104.4
-99.1
-107.6
-110.1
-135.3
-85.2
-83.0
-73.2
-67.9
-72.0

-249.4
-264.4
-217.8
-235.8
-207.6
-234.5
-232.6
-203.9
-180.7
-202.0
-209.7
-176.0
-230.0
-130.3

241.9
239.0
238.4
236.8
236.7
237.9
236.3
236.6
231.4
224.2
219.0
211.1
196.5
187.2

75.0

-67.0
-60.4
-59.7
-101.9
-107.5
-127.7
-94.9
-113.5
-77.0
-152.9
-77.3
-66.8
-64.6
-35.4

-232.8
-195.3
-202.9
-222.6
-211.2
-211.7
-192.7
-201.7
-215.8
-225.8
-236.4
-263.1
-250.5
-176.0

36.8
34.0
37.1
35.9
37.5
36.9
36.5
41.4
41.6
42.5
43.1
46.7
52.9
53.0

90.0



0.0
4.0
8.0
16.0
30.0

0.0
4.0
8.0
16.0
30.0

0.0
4.0
8.0
16.0
30.0

0.0
4.0
8.0
16.0
30.0

0.0
4.0
8.0
16.0
30.0

0.0
4.0
8.0
16.0
30.0

¥

61.0
66.1
72.8
88.3
120.1

-4.5
-2.1
-3.4
-8.3
-12.8

4.2
12.5
18.1
26.7
51.2

17.7
-27.2
22.5
68.0
70.8

-60.5
-81.1
-97.2

-5.1
163.5

30.7
24.5
14.8
5.2
1.5

0.0

62.3
66.9
74.1
89.2
121.7

10.5
13.2
13.2
14.4
13.1

3.6
11.9
17.9
28.1
49.7

-6.9

1.2
-1.5
25.1
39.2

-27.8
-67.9
-91.0

5.4
141.3

-60.2
-42.0
6.3
39.0
66.2

4.0

69.9
74.5
82.5
94.8
127.7

19.3
214
25.8
33.2
27.0

6.0
17.0
21.1
33.7
50.6

36.1
-4.7
-29.0
-33.1
8.1

-41.2
-31.5
-55.2

23.1
156.6

-97.6
-88.0
5.7
57.9
86.9

8.0

81.2
84.0
90.3
104.6
137.9

26.9
29.7
31.0
45.3
39.4

8.2
21.3
28.6
41.4
59.4

-5.2
-18.9
-33.7

-6.7

22.4

-22.3
-9.0
-12.5
1.9
108.5

-68.1
-65.4
11
76.0
54.6

12.0

91.9
94.2
100.1
115.2
144.8

33.1
32.5
35.2
53.5
47.5

10.7
27.1
37.2
49.8
61.9

7.2
-25.2
14.7
-36.1
-24.5

14.6
35.7
9.5
41.3
127.4

-13.4
-20.3
-1.9
94.7
229

16.0

100.6
104.7
109.1
128.0
157.0

42.1
42.0
45.7
54.7
55.0

16.2
34.0
45.0
63.4
66.5

1.2
-13.3
-0.7
-27.5
-60.0

2.0
55.3
25.4
4.1
76.7

40.9
33.0
30.0
76.6
58.8

20.0

D/Q
113.9 127.4 138.9
117.3 131.3 143.8
123.5 135.5 148.9
142.5 153.4 163.6
166.6 176.6 185.9

Y/Q

57.9
56.2
55.5
53.3
57.0

67.9 724
65.0 69.0
61.8 68.2
59.2 63.6
51.9 579

L/Q

23.7
44.0
57.8
76.4
69.6

31.9 39.5
51.3 60.4
68.0 72.7
73.5 67.8
77.2 7115

RM/Q
-34.4 -134 -T2

-37.0

-4.3 -11.0

4.4 -225 -67.3

5.1

-9.7 -10.6

-46.6 -52.3 -61.4

PM/Q
-1.9 -145 -1.6

50.5
35.4

63.5 41.5
614 82.0

59.1 -13.1 -31.0

70.6

38.3 -2.2

YM/Q

111.6 165.8 206.0
96.9 147.5 183.4
83.4 129.0 175.2
121.1 167.8 205.7
114.2 158.6 181.2

25.0

30.0 35.0

(c) Yaw-sweep data.

Figure Al.- Concluded.
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149.6 1599 171.3 199.5 212.2
154.4 163.2 178.1 200.9 213.8
158.0 170.3 187.5 202.2 212.9
173.2 182.6 193.7 205.4 210.6
193.7 199.6 204.3 206.8 205.8

80.7 81.1 844 924 794
74.3 756 80.5 93.2 80.8
73.0 76.9 859 943 829
714 75.8 824 939 864
59.1 629 68.0 80.4 845

45.3 39.8 283 5.7 -16.6
62.2 50.7 3086 0.4 -16.1
68.9 499 33.7 14 -16.2
61.3 528 429 8.7 -184
73.5 66.0 54.2 232 -8.6

-68.9 -98.9 -167.4 -227.0 -151.0
-82.5 -166.2 -137.9 -247.3 -159.1
-188.2 -201.7 -199.1 -272.9 -185.5
-94.0 -138.9 -179.7 -298.9 -164.0
-59.7 -151.4 -172.6 -264.5 -138.6

-15.4 -28.0 -61.9 -250.1 -257.1
189 11.8 -29.4 -236.4 -264.4
65.0 33.9 -223.6 -263.9 -262.3

-87.8 -111.5 -186.2 -256.7 -237.3
-0.9 -19.0 -78.1-186.0 -213.2

242.7 273.5 296.0 291.7 237.0
2199 251.1 280.9 297.1 239.3
205.1 244.6 289.7 296.9 240.6
236.9 258.1 285.1 295.4 233.3
208.2 237.1 264.6 278.7 224.0

40.0 45.0 50.0 60.0 75.0

226.1
227.0
226.2
226.2
224.9

4.8
7.5
6.1
6.3
4.9

-5.5
-4.3
-4.0
-2.0
-0.3

-104.1
-160.8
-116.6
-123.8
-141.7

-210.7
-234.8
-206.0
-244.1
-245.5

38.5
44.8
42.3
38.4
46.2

90.0



0.0
2.0

4.0
6.0
8.0

10.0

12.0

16.0

20.0

25.0

30.0

35.0

40.0

16. 20. 25. 30. 35  40. 45. 50. 60. 75,

12.

(a) Number of measurements each grid point.

Figure A2.- Differences between yaw- and pitch-sweep data.
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a D/Q

00 -14 0.0 0.2 -0.5 0.0 -0.1 0.0 1.1 0.6 0.4 0.7 1.9 -1.2 2.7 -19
20 -05 -01 -03 -1.0 -0.2 -1.2 0.2 0.8 04 -0.3 01 -05 -11 .03 -2.8
4.0 0.3 23 1.7 -1.2 0.8 0.4 -0.2 08 -08 -14 -02 -22 0.8 -12 -06
6.0 -0.5 2.5 09 -1.0 -0.7 0.3 0.5 1.0 -11 -11 -19 255 068 -2.0 -04
8.0 0.2 19 -0.7 0.3 -09 14 0.2 2.2 -05 1.5 0.3 -6.4 00 -14 -1.6
100 -0.1 1.0 0.1 0.5 0.3 1.2 04 0.5 -1.3 1.7 22 -44 -0.1 0.5 -1.1
120 -0.1 0.7 0.4 0.6 1.3 2.3 0.8 -0.1 -0.1 1.8 22 -3.7T -04 -03 -12
16.0 -04 -04 2.3 2.0 1.2 1.2 1.9 o6 -15 -1.1 -05 -43 -15 -10 -1.8
20.0 -0.7 1.3 2.8 1.1 4.4 23 25 -24 -15 -22 -23 -54 -21 -13 -03
25.0 1.4 2.1 4.6 2.6 5.3 3.1 3.2 08 .03 -07 03 28 -09 -19 -0.7
30.0 2.5 1.5 2.3 3.1 18 -13 0.3 0.6 1.0 0.8 24 -08 -0.2 0.6 1.7
o Y/Q
0.0 1.0 14 2.8 16 -19 -04 -0.8 0.9 24 -1.7 21 -01 -60 .25 -35
2.0 0.7 0.8 24 -20 -32 -21 -12 -10 1.8 -1.5 1.1 -03 -5.0 -3.7 -5.3
40 -08 -1.1 14 30 -26 -13 -11 0.9 29 -0.1 0.9 00 -47 -3.3 -48
6.0 -0.5 0.6 2.2 21 -14 -0.7 -24 09 03 -1.3 03 -22 -3.7T -3.8 -4.7
8.0 -0.7 1.5 1.7 24 -12 -15 -14 1.3 0.1 -11 -14 57 -48 -3.8 -3.0
10.0 0.4 0.9 3.5 03 -1.8 0.0 1.3 26 -05 -1.2 -03 -42 -42 -39 -25
12.0 0.1 1.0 30 -3.1 -47 -1.0 2.9 2.1 2.1 0.0 00 -25 -19 -40 -3.2
16.0 2.1 0.7 2.5 04 -14 03 03 -1.1 -03 -21 -04 -20 -35 -3.8 -1.8
200 -36 2.9 5.5 4.4 7.0 19 -49 -47 35 -2.2 08 -05 -24 -14 -29
25.0 -24 0.8 3.5 6.1 9.1 7.9 23 -28 -1.3 0.0 0.8 0.8 0.1 35 -06
30.0 0.7 -2.1 -2.6 2.0 0.8 -12 .03 14 -1.0 0.9 0.2 0.9 0.1 -2.2 -29
o L/Q
0.0 -0.2 0.0 0.0 0.5 -0.9 0.1 0.7 1.5 -0.7 -65 -10 -0.8 -0.7 0.0 -0.7
2.0 0.6 16 -14 09 -0.7 -10 -0.7 1.7 -1.3 -69 -0.3 09 -19 -03 -0.6
40 -04 0.6 0.8 1.0 03 -14 -33 1.1 -16 -85 -2.2 1.6 -09 -20 -3.7
6.0 0.3 0.4 2.1 2.5 1.8 0.6 14 1.3 0.7 -7.5 0.0 1.5 -06 -23 -1.2
8.0 06 -03 -0.1 1.4 -0.3 -0.9 0.1 02 -10 -86 -09 -0.7 -03 -25 -1.0
100 -14 -10 <01 -09 -16 -09 -1.8 1.5 41 -40 -02 -15 -05 -26 -14
12.0 10 -15 -14 -3.1 -14 0.0 -4.1 23 -1.2 3.7 23 -10 -04 -3.2 -18
160 -0.2 -04 -06 -0.2 -0.7 -1.8 0.8 -0.8 0.7 0.0 1.2 -42 -05 -12 .3.1
20.0 1.1 0.1 16 1.5 35 5.2 5.3 0.1 -13 -24 -11 54 -17 -25 -30
25.0 1.8 0.3 2.7 0.8 1.4 -14 1.3 1.0 06 -0.9 05 -34 -12 -08 -3.1
30.0 1.8 -0.9 1.5 -0.4 1.2 .08 -14 07 -18 .27 -01 -30 -15 -1.2 -3.2
Y 0.0 4.0 80 120 16.0 200 250 30.0 350 40.0 450 50.0 60.0 75.0 90.0
DIFFERENCE STATISTICS
MIN MAX MEAN STD DEV
D/Q 6.4 5.3 1 17
Y/Q -6.0 9.1 -5 2.6
L/Q -8.6 5.3 -8 2.1

(b) Force differences.

Figure A2.- Continued.
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0.0 -20.8
2.0 -26.4
40 340
6.0 13.5
8.0 -11.7
10.0 -17.7
12.0 -22.0
16.0 -51.6
200 8.8
25.0 -16.3
300 0.3
[e ]

0.0 26.9
2.0 -33.6
4.0 -23.9
6.0 -17.3
8.0 -14.9
10.0 -28.0
12.0 -18.0
16.0 -14.4
200 -9.8
25.0 11.8
30.0 -16.4
a

0.0 -1.2
20 0.1
40 -1.0
6.0 -0.8
80 1.4
100 1.9
120 2.8
160 3.2
200 -1.9
250 -3.7
300 -3.2
$ 0.0
RM

PM

YM

-4.2
-18.4
9.5
-5.0
-18.9
-17.9
-23.7
-25.1
-53.0
-5.1
24.6

1.9
-28.8
-33.4
-32.3
-27.7
-42.1
-25.3
-29.7
-23.6
-21.8
-22.1

-0.5
-2.9
8.3
5.1
-1.0
1.0
2.1
2.1
12.4
5.9
-2.2

4.0

-57.6 -13.1
34.1 18.6
-20.4 -54.7
-64.3 -13.1
-38.1 9.1
-63.8 143
-34.0 33.7
-9.5 -40.2
-16.8 -7.6
219 -35.9
0.6 22.7

148 -4.1
-15.6 -3.0
-51.0 -25.3
-34.5 -4.8

-9.1 -26.5
-31.1 -43.9
-40.7 -53.6
-26.0 -99
-214 -8.7
-67.8 -84
-46.3 -34.4

09 -13
-8.2 -7.6
03 -5.4
-13.8 -26.5
-17.8 -18.2
09 54
6.8 13.9
55 34
12.4 123
16.9 14.8
01 29

8.0 12.0

MIN
-109.7
-70.3
-26.9

RM/Q

26.0 -19.3 23.5 -8.2
49.8 39.5 26.5 517
55.5 119 61.5 -20.6
26.1 124 106 2.6
120 363 475 -8.6
-21.9 342 31.1 -26.4
53.9 104 2.4 -18.1
13.2 18.1 -36.1 -4.1
-86 -80 -28.1 -03
-6.1 37.1 8.8 40.1
-64.3 28.0 83 19.0
PM/Q
-146 -25 -7.3 3.0
-15.2 -21.6 -15.2 -1.7
-28.0 -26.8 -21.2 -3.1
-25.8 -18.7 2.6 17.0
-10.1 -32.5 -10.1 -13.6
-28.1 -60.5 -31.5 21.2
-61.1 -55.8 -140 8.1
-34.5 -35.2 -514 -85
-38.8 -23.7 -55.9 -21.5
39 -95 -37.7 -223
-18.7 276 73 -129
YM/Q

-5.1 -50 -08 0.5
-6.1 -48 -2.2 -0.6
-5.1 -3.8 -2.1 1.2
-139 -71 58 54
-125 -04 32 35
59 104 56 -8.7
226 49 7.1 -109
15 85 26 09
28.1 15.1 170 2.0
24.1 252 22.7 -1.2
69 -10 10 19
16.0 200 25.0 30.0
TABLE STATISTICS

MAX

101.1

136.4

28.1

(c) Moment differences.

Figure A2.- Concluded.
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-51.8
-38.6
-89.0
-4.0
-35.6
-38.0
-109.7
-60.0
9.8
37.6
15.6

-23.5
-19.4
-2.2
0.3
-28.5
-9.2
6.3
-8.1
-25.3
-8.5
-34.7

1.3
2.2
2.2
-0.7
0.1
-6.1
-3.6
5.3
71
0.4
-0.6

35.0

-39.3
-29.6
-53.4
-12.8
42.6
25.8
-20.0
-17.1
19.7
-5.5
-41.5

-13.8
-15.9
-0.5
-4.2
-38.3
-40.8
-23.2
21.9
12.5
6.1
-39.5

-1.9
-0.5
0.8
-0.5
5.8
1.2
2.5
0.0
2.2
2.2
1.6

40.0

-569.1
-30.3
-5.5
-69.1
13.4
-0.7
-3.3
-12.7
28.8
-2.3
-5.1

-5.3
-20.8
-14.3

-9.5
-33.9
~70.3
-62.3

18.8

32.2

214
-25.0

0.7
2.5
4.7
-2.6
1.9
3.8
8.8
4.6
3.9
6.2
1.8

45.0

MEAN

5.5
-8.8
-2

11.6
-12.6
-37.8
-76.6

-1.3

0.2
-18.7

-5.9

29.8

-5.3

-4.0

-38.8
-54.7
-56.6
49.9
136.4
87.7
58.4
48.7
423
25.1
-16.1

-16.6
-15.4
-13.0
-23.6
-26.9
-21.1
-14.5
-11.5
-13.1
-11.7
-13.2

50.0

75.6
67.4
63.5
30.8
48.2
70.7

8.9
45.2
72.8
33.8
47.7

14.7
0.1
-16.7
-6.5
2.2
27.9
22.9
23.7
3.3
-2.3
-8.6

-1.9
-4.8
-5.0
-2.5
-1.5

2.3

2.5

0.1
-4.2
-5.5
-2.3

60.0

755 371
80.2 72.0
96.2 101.1
95.0 36.8
81.1 9.1
81.0 -93
67.2 25.3
539 103
214 519
62.5 -17.6
55.6 64.4
7.7 -22.1
-3.6 274
46.6 319
27.6 -2.2
54.7 -5.2
21.5 3.8
17.2 324
33.4 42.4
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Figure A3.- Combined yaw- and pitch-sweep data.
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Figure A3.- Concluded.
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Figure A4.- Concluded.
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APPENDIX B.-UNIVERSITY OF MARYLAND WIND TUNNEL DATA

The measurements made at the University of Maryland (UOM) 8- by 11-ft wind tunnel are
given in reference 6 for a smooth-surfaced 8- by 8- by 20-ft container, along with additional
measurements over a smaller grid to test the effects of variations in box details (rounded ends and
corrugated sides) and box size.

Data from reference 6 for the smooth box are quoted in figure B1. These include corrections
for interference tares; the tares were measured only sparsely and at a < 25°, and, as in the ARC
test, were reported to be erratic. The measurement grid in figure Bl is dense at low sideslip
angle but empty in the interval 50° < 8 < 90°. This provides good function definition at low
headings in the vicinity of the trim attitude for the container carried with a two point suspension,
but poor definition in the region where the side force and yaw moment have extreme magnitudes
and strong nonlinearities, and in the vicinity of its broadside trim attitude when carried with a
single-point suspension. In general, grid point density is a factor in the accuracy of estimating a
nonlinear function from measurements.

The following discussion considers; 1) the agreement of these data with the zero lines and
mutual relationships given in section 3 from the symmetry of the box, and 2) the agreement of
these data with the estimated static aerodynamics derived in section 4 from the Ames data.

Note that the UOM data is taken at positive sideslip (negative 1). Therefore, equations 3.10
and 3.12 of the text are combined to give a relation analogous to equation 3.12 for positive sideslip:

D D

Y —cos Y —sin¢y L

L . —singyY + cos ¢ L
RM = _RM (B1)
PM cos ¢ PM —sing, Y M
YM (8,a) —Sin¢wPM — COS ¢wYM (B1,01)

where

tan oy = tan 8/ cos a
sin 3, = sinacos 8
cot ¢, = tan asin § = tan o, sin 8,

Further, throughout this appendix, §;,5,,...,5¢, are understood to denote regions of D; which are
defined by changing 9 to 8 in figure 3.3, and the Ames data at (3, &) are understood to be obtained
from the data given at (—f, a) in figure 4.5 using the symmetry properties in equation 3.10.

Bl1. Drag

First, the drag data are tested for the agreement of values at equivalent points in the regions
S1 and S; in accordance with equation (B1) by calculating the discrepancy:

§D(B,a) = DU(B,a) — DU(By, 1) (B, @) € Sy or S (B2)
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The letter “U” is appended in the nomenclature (DU, LU,...Y MU) throughout this section to
indicate the UOM data in figure B1. The results, (fig. B3) show good agreement with discrepancies
below 10Q Ib throughout §; and $,.

Second, these differences are eliminated by averaging the data at related points in §; and $S.
The resulting revised drag table (omitted for brevity) can be compared with the Ames data by
calculating the difference

AD=D-DU (B3)
where D, DU refer to the revised Ames data (fig. 4.5) and the revised UOM data, respectively.
The superscript (A) refers to revised data throughout this section. This comparison is included in
figure B3 and shows small differences below 5% of the drag at all points in the UOM measurement
grid.

B2. Side Force and Lift

The side-force data of figure B1 show good numerical agreement with its theoretical zero
values at 8 = 0,90°; the discrepancies have the same sign at both extremes of § and this suggests
a small tunnel bias in measuring side force. The lift data in figure B1 show good agreement with
the expected zero value along the boundary a = 0 (unlike the Ames data) as well as at § = 90°.
Only small revisions, using equations 4.9, 4.10 from the text, are needed to null these data tables
along the expected zero-force lines.

The revised data are omitted for brevity. Their agreement with equation B1 was tested by
calculating the discrepancy from lift predicted from measurements at the equivalent point;

SL(B,a) = fﬁ(ﬂ, a) + sind)wﬁ(ﬂl,al) — cos ¢wﬁ(ﬂ1,a1) (B,a) € S; or S, (B4)

The results are tabulated and plotted in figure B4; discrepancies are below 10Q 1b over about half
the region of comparison, but larger discrepancies, reaching 25Q Ib, occur otherwise. The two

estimates of lift in equation B4 are compared in the plot and this shows good to fair agreement in
curve shapes. Further, §L > 0 at all gridpoints; that is, the lift data is greater than lift predicted

from measurements at the equivalent point. Lift can also be compared with its value predicted
from the Y measurements alone;

§L'(B,a) = LU(B,a) + (YU (B,c) cot ¢, + YU(B1,01) csc dw)  (B,a) € Sy 0or S, (BS5)

The results (not shown) were similar to those for §L; that is, 6L’ exceeds 10Q Ib over the same
region as 6 L above, and IU is greater than predicted from the side force data at all grid points
in §; and S;. These differences are assumed to be due to errors in measuring lift and side force
and these errors are at least as large as the discrepancies.

A comparison with the estimate from the Ames data (fig. 4.5) is included in figure B4, where;

AY =¥ - YU } (Bo)
AL=L-I0

These differences contain the estimation errors and the small effects of differences in wind tunnel
model surfaces. The side-force differences exceed 10Q lbs at only a few points and are otherwise
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small, and plots of Y and YU in figure B4 demonstrate this good agreement graphically. The lift
results show significant differences in the range of 10 to 30Q lb over a large part of Ro. This result
for AL is close to the results for 6L and 6§ L’ just given above, both in magnitude of the difference
and the region of significant differences. Further, AL is negative at all grid points so that v
exceeds the estimate from the Ames data throughout Rg. Collectively, these comparisons suggest
that the UOM lift data is less accurate than the side-force measurements in the region of largest
differences, with these differences indicating the probable size of the lift measurement errors.

B3. Roll Moment
A comparison of figures B2 and 2.3 shows a considerable difference from the Ames roll moment
measurements. RM was assumed an antisymmetric function in section 3 on the basis of the UOM
data. An antisymmetric function will satisfy

RM(ﬂ’a) = —RM(ﬂlaal) (B7)
RM =0° at f=0° or fB=90°, or a=0° or tanf=sina

The data (fig. B1) reach table extremes of —125Q ft-lb, 77Q ft-lb. Although their magnitudes

differ significantly, these extremes have opposite signs and occur at nearly equivalent points,
consistent with equation B7. A symmetric function would have the same sign at equivalent
points. In addition, the UOM data show small to moderate values along the boundaries where
zero is predicted for an antisymmetric function in equation B7. These values are within the range
of the discrepancies from the expected zero lines seen in the PM and Y M data discussed next,
and are assumed here to be measurement errors. The evidence does not rigorously exclude a
small symmetric aerodynamic effect superposed with a dominant antisymmetric effect, but does
indicate that such an effect, if present, is smaller than the measurement errors and would be
negligible in its effects on load dynamics.
As was done in section 4 , the data are separated into symmetric and antisymmetric compo-
nents over the regions $; and $; in accordance with equation B1, using:
RMUS(B,a) =0.5(RMU(B,a) + RMU(B1, 1)) } (BS)
RMUA(B,a) = 0.5(RMU(8,0) — RMU(8;,a,))

Assuming roll is antisymmetric, then RMUS is the average measurement error and RMU A is the
roll moment plus the antisymmetric component of the measurement errors. In the results (fig. B5),
RMUA shows good agreement with the theoretical null lines. The average error, RMU S, exceeds
RMU A in magnitude over much of §; and $S;; this occurs in the region where both RMUS and
RMU A have small magnitudes (below 25@Q ft-1b) and for this region RMU A is a very uncertain
estimate of a small roll moment. Elsewhere, RMU S reaches 36Q ft-lb, but this is only a moderate
fraction of RMUA in this region (50 to 90Q ft-1b). The data can be revised to agree with the
theoretical zero lines and equation Bl. This revision provides an estimate of the roll moment
which can be used in place of the null value adopted in the text. A plot of this estimate is
included in figure B5. However, the estimated roll moment is small, below 50Q ft-1b at nearly all
grid points and would have little effect on the static or dynamic behavior of the load compared
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to the restoring torques applied by a suspension. Consequently, the approximation, RM = 0, is
expected to be adequate for a realistic simulation of the suspended load.

B4. Yaw and Pitching Moment

The yaw-moment data in figures Bl and B2 show small to moderate nonzero values along
the expected zero-yaw moment lines at 8 = 0,90°. A comparison of figure B2 and 2.3 shows good
qualitative agreement of curve shapes with the Ames data (after accounting for the sign reversal for
yaw moment). The pitching-moment data also shows small to moderate nonzero values along its
expected zero-moment lines at & = 0,8 = 90°. A comparison with figure 2.3 shows a considerable
difference from the Ames data both qualitatively for § above 30° and quantitatively everywhere.

The data can be revised to null the tables at the theoretical zero-moment lines using equa-
tions 4.9, 4.10 (and replacing YC and LC in those equations with Y MU, PMU, respectively),
and then the discrepancies from values computed from data at the equivalent point are

§PM = PMU — PMU, _ . }
PMU,(B,a) = cos ¢, PMU(B,, ;) — sin¢, Y MU (81, ;)

The results for 6PM (fig. B6) show moderate discrepancies (up to 50Q ft-Ib) over most of S;
and S, with a small region of larger discrepancies. The pitching moment functions compared in
equation B9 are also plotted separately in figure B6 and this comparison shows good agreement
of curve shapes.

The revised UOM and Ames data (fig. 4.5) are compared in figure B7;

(B9)

AYM =YM -YMU

The numerical results show the same level of agreement for both components, with differences
below 100Q ft-1b at nearly all grid points, and below 50Q ft-1b over most of Ro. Plots are included
and show good agreement of curve shapes for the two sources of data.

APM = PM — PMU }

Conclusions

The UOM data show good agreement with all zero-force and zero-moment lines predicted
by the analysis of section 3, and are consistent with the estimate of the aerodynamics given in
section 4, particularly with the rejection of the Ames RM and PM data as being dominated by
errors, and with the estimate of PM from the Ames yaw-moment data.

Agreement with equation Bl can be tested in the regions $; and §;. Agreement is good in
the case of the drag data. The lift and side-force data, and the pitch- and yaw-moment data
show good agreement of curve shapes, but moderate to significant numerical discrepancies from
equation B1.

The roll-moment data are consistent with an antisymmetric function, but the data indicates
that roll is a small moment which can be neglected and that an estimate of RM from the data
would have uncertainties of the size of the roll moment itself over most of the region Ro.

Comparisons in the region Ro with the estimates derived from the Ames data show small
differences in drag and side force, while lift, pitch, and yaw moments show good agreement in
curve shapes, but moderate to significant numerical differences in some regions.
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The UOM data lacks measurements in the interval 50° < § < 90° so that nonlinear aerody-
namics are poorly defined in this region and an extrapolation of this data to the region S4 using
equation Bl would be similarly affected.
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Figure B1.- Concluded.
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(a) 6D/Q: Difference between drag measurements at equivalent points.
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(a) RMS/Q: Symmetric component of roll moment data.
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(b) RMA/Q: Antisymmetric component of roll moment data.
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Figure B5.- Roll moment decomposition. Notes: RMS = 0.5(RMU + RMU,);
RMA =05(RMU — RMU,); RMU,(8,a) = RMU(B;,,) B1(B,a), a1(B,a) from equation B1.
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(a) §PM/Q: Difference from pitching moment derived from measurements at equivalent points.
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Figure B6.- Comparison of pitch and yaw moment data at equivalent points. Notes: 6PM = PMU-PM Uy;
PMUl(ﬂ) a) = cos ¢wPMU(ﬂ1’ al) — sin ¢wm(ﬂh 01); and ¢w (ﬂ) a); ﬂl (ﬂ: a)7 al(ﬂ)a) from

equation B1.

72



0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
20.0
25.0
30.0
40.0
45.0

0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
20.0
25.0
30.0
40.0
45.0

0.0
-5.5
-21.0
-22.2
-40.6
-38.6
-43.5
-41.3
-45.9
-51.3
-39.7
-25.1
20.4
57.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0
4.4
-2.6
-12.5
-34.5
-32.7
-40.9
-42.4
-46.1
-50.2
-40.1
-24.8
21.5
56.6

18.2
19.1
20.4
19.2
12.1
13.8
13.9
14.8
15.7
14.1
17.7
25.4
14.3
16.3

2.0

0.0
0.1
5.5
-1.7
-23.4
-25.6
-37.4
-40.7
-49.6
-47.2
-32.8
-15.2
8.4
42.5

47.9
36.5
34.3
31.0
26.1
26.9
22.1
23.6
26.5
27.3
26.9
33.8

4.1
26.3

4.0

0.0
-1.6
-4.1
-2.6

-11.1
-7.2
-19.4
-31.1
-45.1
-43.7
-28.3
-7.5
10.6
41.1

48.3
44.0
44.8
34.9
30.2
38.6
43.7
419
45.0
51.1
54.6
65.3
55.1
62.6

6.0

0.0
-0.6
-3.8
-0.1
-1.1

7.7

14

-20.2
-42.1
-45.1
-26.0

-7.7

8.0
36.1

67.0
62.2
62.0
48.1
34.2
42.2
57.0
54.7
53.1
47.5
60.1
77.2
90.6
63.1

8.0

APM/Q:

0.0
-2.9
-8.5

-13.8
-9.7
-1.1
11.2

0.2

-25.3

-46.2

-20.2

-18.8
10.3
38.8

0.0
-3.7
-9.8

-15.8
-16.8

4.2
19.0
14.2

-10.6
-48.3
-47.7
-24.6
24.7
39.8

AY M/Q:

63.0
58.6
61.2
45.9
35.7
47.7
58.6
57.0
46.6
47.0
71.0
101.9
85.7
-41.5

10.0

72.4
69.0
72.7
60.7
49.9
67.6
68.8
58.7
46.4
49.0
65.7
47.0
13.6
-17.5

12.0

0.0
-5.4
-7.0

-18.1
-23.9

0.3
11.8

9.6
-7.6

-44.3
-49.8
-23.2
18.0
30.2

77.2
74.6
78.5
78.3
66.6
87.2
714
61.6
49.9
63.9
79.4
36.9

13
-8.7

14.0

0.0
-5.1
-8.3

-20.8
-24.4
-0.6

7.1

2.8

1.5

-31.8
-38.7
-20.7
15.2
23.7

82.3
79.7
90.0
97.3
94.9
92.2
73.7
54.5
41.7
68.2
90.5
47.4

7.3

1.2

16.0

0.0
-9.3
-20.4
-30.4
-21.0
-3.2
-10.4
-32.3
-38.6
-45.9
-32.8
-26.8
9.7
21.4

95.9
95.5
96.0
72.8
56.7
50.5
80.6
81.7
69.7
79.9
66.5
31.2

1.4

4.6

20.0

(a) Differences from revised Ames data.

0.0
-27.1
-34.2
-45.2
-38.0
-30.5
-35.9
-49.2
-39.2
-31.9

44

5.2

23.6
36.5

87.3
78.6
67.5
51.7
38.2
213
25.2
35.6
40.4
43.6
31.7
27.2
-4.6
-11.9

25.0

0.0
-13.8
-22.3
-32.1
-42.1
-43.1
-61.1
-77.2
-21.1

-2.1
24.5
32.2
38.4
42.2

76.7
64.6
47.2
31.4
23.5
8.8
5.3
8.6
12.7
25.3
184
6.4
-10.6
-23.5

30.0

0.0
-14.0
-26.2
-45.8
-73.7
-95.5

-128.1
-95.4
-51.1

7.7

12.1
16.2
48.2
61.2

51.7
40.9
35.8
22.8
14.1
-2.3
-15.2
-3.3
-10.3
12.8
3.5
-8.4
-28.5
-37.8

40.0

0.0
-12.5
-17.3

-9.9
-6.4
18.8
45.6
44.7
39.7
27.0
26.4
32.0
79.0
96.9

22,5
15.6
6.4
-6.2
-10.2
-5.1
0.5
5.9
5.5
6.5
-7.9
-16.7
-29.3
-36.3

50.0

Figure B7.- Pitch and yaw moment comparisons with Ames data. Notes: APM = PM - P’A?U;
and AYM = ¥M - YMU.
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APPENDIX C.-NORTHROP CORP. WIND TUNNEL DATA

The measurements made at the Northrop Corp. 8- by 10-ft wind tunnel are given graphically
in reference 4 for a smooth-surfaced box. Reference 5 contains limited additional data plus
extensive data on a truck and tracked vehicle. The original tabulated data are apparently lost.
The accuracy of the tables presented here in reproducing those data is limited by; 1) the resolution
accuracy of the graphs; and 2) apparent revisions of the measurements in the graphical results to
impose null values at some of the expected zero lines.

The available data are the “lateral-directional” components (side force, roll, and yaw mo-
ments) in both wind and body axes. Values of drag and pitching moment can be derived from
these using the transformation relations between body and wind axes components

Tb,w = E2(a)E3(°’ﬂ)

from which we obtain:

D= (YcosB—YB)/sinf (C1)
PM = (RMcosacos§ — RMB — YMsina)/ cos asin 8 (C2)

where Y B and RMB refer to the body-axes side-force and roll-moment components. These
equations are singular at § = 0° and ill-conditioned at low £, up to 10°, because of plot resolution
limits. However, some of the affected drag values can be supplied from drag data taken at g = 0°
(ref. 5), while the PM values at 8 = 0° can be filled in from the Y M data at o = 0° in accordance
with the equivalence of these measurements discussed in the text. Lift data is available only at
B =0°, and is omitted.

The results are given in figure C1. The coarse a-grid permits only limited comparison with
the theoretical symmetry properties derived in section 3. A cursory examination shows; 1) good
agreement of drag values along the boundaries a = 0° and 8 = 0°, 2) close agreement of side
force with the expected zero lines at § = 0° and 90°, 3) close agreement of roll moment with the
zero lines of an antisymmetric function at tany = sina, a = 0°, 8 = 0°, 4) good agreement of
pitching moment with its expected zero lines at & = 0° and # = 90°, and 5) null yaw moment at
B = 0°, but a noticeable offset from the expected zero crossing at 8 = 90°.
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